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Abstract Gamma radiation changes the molecular struc-

ture and activity of proteins, which in turn changes their

physiological effects. Sericin, one of the silk peptides, has

beneficial effects to humans such as inducing apoptosis,

acting as an anti-oxidant. The effects of gamma irradiation

on the physiological activity of fibroin have been studied,

but its effects on sericin alone have not yet been estab-

lished. In this study, we assessed the effects of gamma

irradiation on sericin (I-sericin) in regard to its inflamma-

tory effects in vitro and in vivo. Our results showed that

I-sericin (5 kGy) significantly increased nitric oxide pro-

duction, proliferation of immune cells, and effectively

attenuated lipopolysaccharide (LPS)-induced inflamma-

tion. The mice were fed I-sericin for 4 weeks and treated

with LPS; they exhibited significantly increased prolifera-

tion of lymphocytes, activation of NK cells and decreased

secretion of inflammatory cytokines These results suggest

gamma-irradiated I-sericin as a valuable functional food

supplement by immune-enhancing and anti-inflammation

effects.

Keywords Sericin � Gamma irradiation � Immune

enhancement � Anti-inflammation

Introduction

Food irradiation kills microbes and insects and is a highly

effective conservation technique that reduces dependence

on chemical fumigants and preservatives. It reduces food

losses due to microbial spoilage and insect damage

(Roberts, 2014; Verde et al., 2013). Specifically, irradiation

with gamma rays is known to be safe and effective in food

storage by reducing microorganisms and viruses and pre-

venting addition of biological hazards and toxic substances

such as N-nitrosamine and biologically active amines

(Lafortune et al., 2005). In addition, gamma irradiation has

been reported to change physiological properties of pro-

teins by altering their structure (Valdes-Diaz et al., 2007).

Gamma irradiation results in changes in physiological

properties through fragmentation, cross-linking, aggrega-

tion, and oxidation by oxygen radicals (Davies, 1987;

Dogbevi et al., 1999). Therefore, there are efforts to exploit

these irradiation-induced changes in physiological proper-

ties of organic compounds to develop various therapeutic

agents (Brandstetter et al., 2009; Lee et al., 2012; Pereira

et al., 2017).

The immune system is a biological defense from various

external factors such as pathogenic bacteria, toxins, and

viruses. The immune system is mainly divided into innate

immunity and adaptive immunity. The innate immunity

consists of inflammatory cells such as neutrophils, mast

cells, and macrophages. Unlike adaptive immunity, it is a

nonspecific immune response to antigens (Medzhitov,

2007). Macrophages play a key role in immune function as

phagocytic cells, which digest and eliminate external
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factors in the immune response. Macrophages are activated

by external factors and produce an inflammatory immune

response, including secretion of inflammatory cytokines

such as tumor necrosis factor-alpha (TNF-a), interleukin
(IL)-2, and IL-10 (Minami et al., 2008). Excessive cytokine

secretion causes tissue damage, increases risk of cancer,

and can serve as a biomarker of control of the inflammatory

response (Lin and Karin, 2007).

Silk peptide refers to amino acids and a peptide-linked

component of amino acids and comprises silk. It is com-

monly known as a continuous protein fiber produced by

lepidopteran larvae such as silkworms, spiders, and mites

(Altman et al., 2003). Generally, a silk fiber consists of two

types of protein: fibroin (75%) and sericin (25%). Sericin

has anti-oxidant properties, can induce apoptosis (Dash

et al., 2008), and can improve diabetes (Ryu, 2014).

However, most studies on silk proteins are focused on

fibroin, the main protein. Specifically, research has

described the effect of gamma radiation on silk fibroin

structure (Kojthung et al., 2008) but not yet sericin.

Thus, we investigated the changes in the physiological

properties of sericin in response to gamma radiation,

specifically its ability to activate the immune response.

These data give insight into whether gamma-irradiated

sericin could be useful as a functional food supplement.

Materials and methods

Sericin irradiation and solubility measurement

Sericin was purchased from Worldway Co., LTD. (Sejong,

Korea). Sericin was separated and freeze-dried to obtain a

sericin powder and was dissolved to a concentration of 2.5,

5, 7.5, 10, or 20 mg/ml in 0.01 M phosphate buffer. Sericin

solution was irradiated at 0, 2.5, 5.0, 7.5, or 10.0 kGy in a

cobalt-60 irradiator (IR-79, Nordion International Ltd.,

Ontario, Canada). At this time, the source strength was

approximately 1.2 MCi, and the dose rate was 10 kGy per

hr. The absorbed dose was assessed using a 5-mm-diameter

alanine dosimeter (Bruker Instruments, Rheinstetten, Ger-

many). The dosimetry system was used after standardiza-

tion in accordance with the International Atomic Energy

Agency (IAEA) standard. The irradiated sericin solution

was lyophilized and stored at 4 �C.
Gamma-irradiated sericin powders were dissolved in

distilled water at a concentration of 1.0 mg/mL. After fil-

tration using a 0.20-lL filtration filter, the solubility of

sericin was determined using a BCA assay. The amount of

protein was calculated by substituting the absorbance of the

samples into the protein quantification curve obtained

using bovine serum albumin as a standard protein. The

sericin not treated with gamma rays was dissolved in

distilled water and prepared as a control. The controls were

used to prepare a calibration curve.

Protein concentration of gamma-irradiated sericin solution

Protein concentration of non-irradiated sericin solution
� 100

¼ Solubility %ð Þ

Cell culture

RAW 264.7 cells (ATCC, Rockville, MD, USA) were

grown in Dulbecco’s modified Eagle medium (DMEM,

containing 10% FBS and 1% antibiotics) in a 37 �C
humidified atmosphere with 5% CO2. The media was

changed every 2–3 days. Cells were seeded in 100-mm cell

culture dishes (Nunc, Rochester, NY, USA) 24 h before

treatment. In the in vitro assays, spleen cells were isolated

from 6-week-old mice.

NO production, immune cells proliferation,

and viability assay

RAW 264.7 and spleen cells were plated at a density of

2 9 104 cells/well in 48-well plates (Nunc). After 24 h

incubation, cells were treated with various concentrations

of I-sericin (10, 50, 100 lg/ml) or sericin (100 lg/ml) for

24 h. Cell proliferation and viability were determined using

the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium

bromide (MTT) (Sigma, Sydney, Australia) assay. The

index of NO production was assessed using a commercial

NO assay kit (Griess reagent, Promega, Madison, WI,

USA). Absorbance was determined using a multiplate

reader spectrophotometer (PowerWave2, BioTek Instru-

ments, Winooski, VT, USA) at 540 nm.

Animal and drug administration

Six-week-old male BALB/c mice (n = 10) were purchased

from Damul Science (Daejeon, Korea) with weight ranging

from 20 to 22 g. All mice were cared for in accordance

with institutional ethical guidelines for the care and use of

experimental animals at Chonbuk National University

(CBNU 2018-066). All mice were housed on a 12-h

light/dark cycle and provided a standard laboratory pellet

diet and water ad libitum at a constant temperature

(25 ± 2 �C) and humidity (approximately 60%). At the

beginning of the experiment, the mice were acclimatized

for 1 week. Subsequently, mice were randomly assigned to

one of the following six groups: normal (non-treated mice),

LPS only (LPS 20 mg/kg, i.p., once), I-sericin groups

(LPS ? each I-sericin 100, 200, and 400 mg/kg), and

sericin (LPS ? 400 mg/kg). The body weight and food
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intakes were determined every day during the experimental

period. After 4 weeks of I-sericin supplementation, mac-

rophages were isolated from mice (Seo et al., 2014), and

blood samples were collected from the abdominal artery of

anesthetized mice. Serum was immediately separated from

the blood sample by centrifuge. Subsequently, the spleen of

each mouse was perfused, collected, placed in liquid

nitrogen, and stored at - 72 �C until analyses.

Werstern blot

After the cells were treated in the same manner as the

method for measuring cell viability, total protein from

RAW 264.7 cell lysates were subjected to sodium dodecyl

sulfate (SDS)-polyacrylamide gel electrophoresis using

8-12% gels. Protein bands were then transferred to PVDF

membranes (BioRad, Hercules, CA, USA), which were

blocked with 5% skim milk in PBS then incubated with a

1:1000 or 1:500 v/v dilution of primary antibodies against

TNF-a, IL-2, IL-10 (Abcam, Cambridge, MA, UK) and b-
actin (Cell Signaling, Danvers, MA, USA) in PBS with 1%

skim milk overnight at 4 �C. The blots were then incubated

with peroxidase-conjugated goat anti-rabbit IgG and anti-

mouse IgG (1:10,000 v/v, Millipore, CA, USA) for 1 h.

The immunoreactions were visualized with SuperSignal

West Dura Extended Duration Substrate (Thermo Scien-

tific, CA, USA) on a ChemiImager analyzer system (Alpha

Innotech, San Leandro, CA, USA).

Spleen cell proliferation

The proliferation of spleen cells was determined using

MTT assay using spleen cells isolated from mice fed

I-sericin (100, 200, 400 mg/kg) or sericin (400 mg/kg) for

4 weeks (Ryu et al., 2006). Spleen cells were plated at

2 9 104 cells/well on 48-well plates (Nunc). The cells

were treated with 5 lg/ml of concanavalin A (ConA) or

15 ng/mL of lipopolysaccharide (LPS). After 24 h of

incubation, cell proliferation was measured. Absorbance

was determined using a multiplate reader spectropho-

tometer (PowerWave2, BioTek Instruments, Winooski,

VT, USA) at 540 nm.

Immune cytokine analysis

The concentrations of TNF-a (Abcam, Cambridge, MA,

UK), interferon gamma (IFN-c), IL-2 and L-10, (Thermo

Scientific, MA, USA) in serum and macrophages were

determined with ELISA kits. Absorbance was measured at

450 nm using a microplate reader.

NK cell cytotoxicity analysis

NK cell cytotoxicity was determined using cytotoxicity

detection kit of lactate dehydrogenase (LDH) (Takara Bio,

Tokyo, Japan) (Kang et al., 2015). Spleen cells isolated

from normal mice were plated at 2 9 104 cells/well on a

48-well plate (Nunc) with YAC cells at a 200:1 ratio. After

a 24-h incubation, cells were treated with I-sericin (10, 50,

100 lg/ml) or sericin (100 lg/ml) for 24 h, and the LDH

assay was performed. NK cell cytotoxicity was assessed by

isolating the spleen cells of mice fed I-sericin (100, 200 or

400 mg/kg) or sericin (400 mg/kg) for 4 weeks. The

experiment proceeded in the same way as the in vitro

experiment.

Statistical analysis

Results are expressed as mean ± standard error (SE). Data

were analyzed using Student’s t test for two groups. p val-

ues less than 0.05 were considered statistically significant

(Andrikopoulos et al., 2008).

Results and discussion

I-sericin regulates NO production

Macrophages detect pathogens, apoptotic cells, and anti-

gen-presenting cells (Birk et al., 2001) and are activated by

intrusion of nonspecific antigens (Chou et al., 2013).

Activated macrophages secrete NO to inhibit the antigens

that cause harmful infections (Ortiz-Andrellucchi et al.,

2008). However, excessive NO production by activated

macrophages can generate inflammatory damage by DNA

mutations (Mu et al., 2001). Thus, regulation of NO pro-

duction plays a key role in the body’s immune system. We

first established the effects of NO product activity in RAW

264.7 cells after treatment with various doses of gamma-

irradiation and concentrations of I-sericin. NO production

was significantly increased after gamma irradiation with

5 kGy (Fig. 1A). The solubility of sericin significantly

decreased with increasing irradiation dose. Also, the solu-

bility of sericin at 5 kGy was highest at 10 mg/mL: 91.1%

(Table 1). Based on these data, we used 5 kGy gamma-

irradiated sericin in all subsequent experiments. NO pro-

duction was significantly increased after treatment with

100 lg/ml I-sericin (Fig. 1B). NO production in cells

treated with LPS alone was significantly increased,

whereas co-treatment with I-sericin produced a significant

decrease in a dose-dependent manner (Fig. 1C). Compared

to using 100 lg/ml sericin, cells treated with I-sericin

showed lower NO production. These results suggest that

I-sericin can activate immunity against the initial
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infections. In addition, I-sericin has been shown to signif-

icantly attenuate NO production by external toxins.

I-sericin increased cell proliferation in immune cells

The spleen is the most important lymphatic organ in our

body, accounting for approximately 25% of the total

lymphatic organ weight. The spleen has an immune

response to blood-derived antigens and acts to remove aged

and damaged cells. It also forms secondary lymphoid

organs containing T lymphocytes and B lymphocytes.

Therefore, proliferation of spleen cells is highly influential

in the immune system (Zalys et al., 2000). In the present

study, we assessed the effects of I-sericin and sericin on the

proliferation of RAW 264.7 cells and spleen cells.

To assess the cell proliferation induced by both I-sericin

and sericin in RAW 264.7 and spleen cells, cells were

treated with I-sericin or sericin for 24 h. Cell proliferation

by I-sericin at 100 lg/ml was showed increasing tendency

(Fig. 2A), but no significance difference was observed.

I-sericin at 100 lg/ml significantly increased cell prolifer-

ation in spleen cells (Fig. 2B). RAW 264.7 and spleen cells

were pretreated with I-sericin and sericin for 1 h prior to

incubation with 1 lg/ml LPS for 24 h. The cell viability of

I-sericin-treated cells was significantly increased compared

with that of LPS alone (Fig. 2C, D).

In the in vivo experiment, we isolated the spleens from

mice fed I-sericin and sericin and assessed cell prolifera-

tion. There was no significant difference in body weight or

food intake between the groups (Not suggested). I-sericin

significantly increased amount of spleen cells compared to

the controls in a dose-dependent manner. Specifically,

compared to using the same concentration (400 mg/kg) of

sericin, cells treated with I-sericin showed a significantly

higher cell proliferation (Fig. 3). This result shows that

I-sericin helps to increase immunity by inducing the pro-

liferation of macrophages and spleen cells.

I-sericin decreased pro-inflammatory protein

expression and cytokine level

Activated macrophages secrete pro-inflammatory cytokines

such as TNF-a, IFN-c, IL-2, and IL-10. These inflamma-

tory cytokines promote the mass production of NO by

further activating surrounding activated macrophages and

inducing iNOS expression (Han et al., 2016; MacMicking

et al., 1997). Also, constant cytokine overexpression is

associated with chronic diseases such as atherosclerosis,

cancer, and Alzheimer’s disease (Moller and Villiger,

2006; Ungefroren et al., 2011).

TNF-a secreted from macrophages plays a central role

by activating eosinophils and promoting the production of

granular leukocytes (Andrews et al., 1990). IFN-c and IL-

2, pro-inflammatory cytokines, are secreted by Th1 helper

cells (Th1). IFN-c increases activated NK cells by stimu-

lating the innate immune response to monocytes and den-

dritic cells (Vivier et al., 2008). IL-2 regulates the

proliferation of NK cells and macrophages by acting

directly on recurrent NK cells (Wang et al., 2000). IL-10, a

pro-inflammatory cytokine, is secreted by Th2 helper cells

Fig. 1 Effect of I-sericin on NO production in RAW 264.7 cells.

(A) NO production of RAW 264.7 cells after treatment with sericin

irradiated with increasing doses of gamma rays (2.5–10 kGy). (B) NO
production of RAW 264.7 cells after treatment with increasing

concentrations of I-sericin (10, 50, 100 lg/ml) or sericin (100 lg/ml)

for 24 h. (C) NO production of RAW 264.7 cells after treatment with

1 lg/ml LPS for 24 h after pretreatment with I-sericin (10, 50,

100 lg/ml) or sericin (100 lg/ml) for 1 h. I-sericin; gamma-irradiated

sericin. Data are expressed as mean ± SE (n = 3). *p\ 0.05;

***p\ 0.001, compared with CON. #p\ 0.05; ##p\ 0.01 compared

with LPS only. $p\ 0.05, compared with sericin 100

Table 1 Change of solubilities of sericin solutions gamma-irradiated

under the different concentration

Concentration (mg/ml) Irradiation dose (kGy)

0 2.5 5 7.5 10

2.5 100 93.8* 90.5* 88.4* 87.2*

5 100 94.2* 90.2* 88.4* 86.9*

7.5 100 93.7* 90.5* 89.2* 87.2*

10 99.8 93.2* 91.1* 88.4* 87*

20 99.2 92.5* 86.7* 88.6* 76.8**

*p\ 0.05; **p\ 0.01, compared with non-irradiation (n = 20)
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(Th2). IL-10 is secreted as an inhibitor when an inflam-

matory reaction occurs and regulates the proliferation and

differentiation of T cells, B cells, natural killer cells,

antigen-presenting cells, and other immune cells (Taylor

et al., 2006).

To evaluate the protein expression of I-sericin and ser-

icin in RAW 264.7 were pretreated with I-sericin and

sericin for 1 h prior to incubation with 1 lg/ml LPS for

24 h. Protein expressions in LPS alone were significantly

increased, whereas pretreatment with I-sericin significantly

decreased the protein expression in a dose-dependent

manner. Specifically, compared to using the same con-

centration of non-irradiated sericin (100 lg/ml), cells

treated with I-sericin showed a lower level of cytokines

(Fig. 4A).

To assess cytokine levels of I-sericin and sericin in

serum and macrophages were collected from mice fed

I-sericin (100, 200 or 400 mg/kg) or sericin (400 mg/kg)

and isolated. Cytokines in LPS alone were significantly

increased, whereas co-treatment with I-sericin significantly

decreased the cytokine level in a dose-dependent manner.

Specifically, compared to using the same concentration of

non-irradiated sericin (100 lg/ml), cells treated with

I-sericin showed a lower level of cytokines (Fig. 4B).

Therefore, I-sericin might have an inhibitory effect on

inflammation by regulating cytokines.

I-sericin increased NK cell activity

NK cells, which are activated early in the immune

responses, recognize abnormal cells, tumor cells, and virus-

infected cells and bind to the cells to pass toxic granules to

them and induce apoptosis (Biron et al., 1999; Frese-

Schaper et al., 2014). NK cells express a variety of inhi-

bitory and activating receptors on the surface. Determining

the activation of NK cells is a signal balance between

inhibition and activation receptors; normal cells expressing

ligands of normal receptors cannot activate NK cells

(Fernandez et al., 2005). Therefore, we next assessed NK

cell activation effects of I-sericin using LDH assays. As

shown in Fig. 5, I-sericin and sericin significantly

increased LDH cytotoxity compared to the controls both

in vitro and in vivo in a dose-dependent manner. Specifi-

cally, using the same concentration (100 lg/ml) of I-sericin

and sericin, cells treated with I-sericin showed higher NK

cell activity. Therefore, these results showed that I-sericin

has a beneficial effect on NK cell activity and the immune

response.

In conclusion, our studies suggest that gamma irradia-

tion of sericin at 5 kGy can increase its ability to activate

innate immunity by enhancing NO production. Moreover,

Fig. 2 Effects of I-sericin on

cell proliferation and viability in

RAW 264.7 and ex vivo murine

spleen cells. Proliferation of

RAW 264.7 (A) and spleen

(B) cells treated with I-sericin

(10, 50, 100 lg/ml) or sericin

(100 lg/ml) for 24 h. Viability

of RAW 264.7 (C) and spleen

cells (D) after treatment with

1 lg/ml LPS for 24 h after

pretreatment with I-sericin (10,

50, 100 lg/ml) or sericin

(100 lg/ml) for 1 h. I-sericin;

gamma-irradiated sericin. Data

are expressed as mean ± SE

(n = 3). *p\ 0.05; **p\ 0.01,

compared with CON. #p\ 0.05,

compared with LPS only.
$p\ 0.05, compared with

sericin 100

Fig. 3 Cell proliferation of spleen cells treated with I-sericin and

mitogen. Spleen cells isolated from mice fed I-sericin in the absence

or presence of the LPS or ConA for 24 h. I-sericin; gamma-irradiated

sericin. Data are expressed as mean ± SE (n = 10). *p\ 0.05;

**p\ 0.01, compared with normal. #p\ 0.05, compared with sericin

at 400 mg/kg
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Fig. 4 Effect of I-sericin on inflammatory protein expression and

cytokines secretion. (A) Expression of inflammatory protein in RAW

264.7. I-sericin; gamma-irradiated sericin. Data are expressed as

mean ± SE (n = 3). *p\ 0.05; **p\ 0.01, compared with CON.
#p\ 0.05; ##p\ 0.01 compared with LPS only. (B) Secretion of

inflammatory cytokines in serum and macrophages. I-sericin; gamma-

irradiated sericin. Data are expressed as mean ± SE (n = 10).

*p\ 0.05; **p\ 0.01; ***p\ 0.001, compared with CON.
#p\ 0.05; ##p\ 0.01, compared with LPS only

Fig. 5 Effect of I-sericin on NK cell activity in spleen cells. (A) NK
cell activity in in vitro experiment. I-sericin; gamma-irradiated

sericin. Data are expressed as mean ± SE (n = 3). *p\ 0.05;

**p\ 0.01, compared with control (CON). #p\ 0.05, compared

with sericin at 100 lg/ml. (B) NK cell activity in in vivo experiment.

I-sericin; gamma-irradiated sericin. Data are expressed as mean ± SE

(n = 10). **p\ 0.01, compared with Normal
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the present results show that I-sericin has immune-en-

hancing effects and protects against LPS-induced inflam-

mation. These findings suggest that I-sericin has promise as

a nutritional supplement for immune enhancement and

inhibition of inflammatory disease. However, further

studies should be required to determine the safety and the

structural changes of sericin by gamma irradiation.
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