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Anti-adipogenic Effect of Hydrolysate Silk Fibroin in 3T3-L1 Cells
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Hydrolysate silk fibroin (HSF) is a fibrous protein

composed of parallel β-structures and is made from

pure silk elements including 18 amino acids, with gly-

cine, alanine, and serine comprising of over 80% of the

amino acids. Numerous studies have documented a

range of effects of HSF, including moisturizing, anti-

oxidant activity, nervous system disorders, and many

more. We investigated whether HSF has anti-obesity

effects in vitro. The effects of HSF inhibition on lipid

accumulation and acceleration of lipid degradation in

3T3-L1 cells were studied. Treatment of 3T3-L1 cells

with HSF caused significant inhibition of cell viability,

an increase in glycerol release, and a decreased in adi-

pocyte differentiation. Moreover HSF stimulated down-

regulated of adipogenic enzyme expressions (PPARγ

and C/EBPα) and up-regulated of fatty oxidation

enzyme expressions (CPT-1 and UCP-2). Based on

these results, hydrolysate silk fibroin can be suggested

as a potential therapeutic substance as part of a pre-

vention or treatment strategy for obesity.
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Introduction

Obesity is a major public health problem and is quickly

becoming a worldwide social problem (Pagotto et al.,

2008). It is associated with the development of chronic

diseases, including cardiovascular diseases, diabetes,

osteoarthritis, and some cancers. Adipocytes are impor-

tant endocrine regulators of lipid homeostasis and energy

balance through the proliferation and differentiation into

adipocytes (Meier and Gressner, 2004). During the dif-

ferentiation of adipocytes, a number of morphological and

physiological changes occur (Gregoire, 2001; Rahman et

al., 2008). Lipid metabolism is regulated by adipogenesis

and lipolysis via the cooperative action of various

enzymes such as C/EBPs, PPARs, CPT-1, UCPs, and

ACO (Kadowaki and Yamauch, 2005; Kersten, 2001).

These transcription enzymes coordinate the expressions of

enzymes involved in the creation and maintenance of the

adipocyte phenotype, including the genes for aP2,

GLUT4, LPL, and leptin (Johmura, 2007). 

To address increasing health concerns, many attempts

have been made to rectify the recent escalation in the

number of overweight and obese people, including the

production of dietetics, exercise, surgery, and a number of

anti-obesity drugs (Bray and Tartaglia, 2000; Hasler,

2000). However, these drugs are known to cause side

effects such as dry mouth, faster heart rate, stomach pain,

flatulence, constipation, insomnia, depression, and suicide

(Yun, 2010). Recent anti-obesity drug trials have focused

on screening herbal medicines that have been reported to

have minimal side effects to encourage body weight reg-

ulation (Greenway and Bray, 2010). Silk is a well known

fibrous protein produced by the silkworm that has been

used traditionally in textile goods (Wang et al., 2010). It is

composed of two kinds of proteins, a filament core protein

(fibroin) and a gum-like coating protein (sericin) which

surrounds the fibroin fibers to cement them together. Silk

fibroin consists of heavy and light chain polypeptides of

~390 and ~25 kDa, respectively, linked by a disulfide

bond at the C-termini of the two subunits through hydro-
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phobic interactions. The hydrophobic blocks tend to form

â-structures or crystals through hydrogen bonding and

hydrophobic interactions, forming the basis for the tensile

strength of silk fibroin (Zhou et al., 2001). Hydrolysates

of silk fibroin (HSF) are water-soluble peptides that have

been investigated for use in food and dietary supplements.

HSF includes 18 kinds of amino acids, composed of Gly

(45.9%), Ala (30.3%), Ser (12.1%), Tyr (5.3%), and Val

(1.8%) (Kim et al., 2009; Tsukada and Freddi, 1994).

Numerous studies have documented a range of effects of

HSF, including moisturizing, wrinkle improvement, inhi-

bition of tyrosinase (Kato et al., 1998), apoptosis

(Acharya et al., 2008), and nervous repairing (Uebersax et

al., 2007). Also it has been used in biomedical materials

such as bone, cartilage, and ligaments (Griffith and

Naughton, 2002). The aim of this study was to investigate

the regulatory mechanism of HSF in lipid metabolism. We

hypothesized that HSF stimulates lipolysis accompanied

by the suppression of adipogenic gene expression and the

induction of lipolytic gene expression. 

Materials and Methods

Preparation of extract from silk fibroin 

The raw materials were degummed twice with 0.5% on-

the weight-of-fiber (OWF) Marseilles soap and a 0.3%

OWF sodium carbonate solution at 100oC for 1 hr and

then washed with distilled water. Degummed silk fibroin

fibers (35 g) were dissolved in a mixed solution (700 mL)

of CaCl2, H2O, and ethanol (molar ratio = 1:8:2) at 95oC

for 5 hr. This calcium chloride/silk fibroin mixture was

filtered twice through a Miracloth (Calbiochem, USA)

quick filter. To desalt the calcium chloride/silk fibroin

mixed solution, gel filtration column chromatography was

performed on a GradiFrac system (Amersham Pharmacia

Biotech, Japan) equipped with a UV-1 detector operating

at 210 nm. A commercially available and prepacked

Sephadex G-25 column was used. Pure distilled water was

used as the elution solvent at a flow rate of 25 mL/min;

the sample injection volume was 200 mL, and the volume

fraction was 30 mL. The silk fibroin was stored at -20oC

until use.

Cell culture and stimulation

The 3T3-L1 mouse embryo fibroblasts were obtained

from American Type Culture Collection (ATCC, USA)

and were cultured as described previously. In brief, the

cells were cultured at 37oC in a humidified 5% CO2 atmo-

sphere and were grown in high-glucose DMEM supple-

mented with 10% bovine calf serum and 1% penicillin-

streptomycin until confluent. For induction of differenti-

ation into adipocytes, cells were grown until 2 days post-

confluence. The completely confluent preadipocytes were

then stimulated with adipogenic hormone mixture (3-

isobutyl-1-methylxanthine, dexamethasone, and insulin)

for 2 days. The cells were then maintained in a culture

medium with insulin supplement for another 2 days, fol-

lowed by culturing with 10% FBS/DMEM medium for an

additional 5 days, until experimentation. 

Cell viability assay

The 3T3-L1 preadipocytes were treated once with various

concentrations of HSF and were observed after 24, 48,

and 72 hr. After completion of the treatment, the cells

were incubated with MTT working solution which was

added to each well for 3 hr. After the MTT-treated

medium was carefully aspirated, dimethyl sulfoxide was

added to each well to dissolve the formazan dye, which

was then quantified at 570 nm using a multi-well plate

reader.

Glycerol release

The 3T3-L1 preadipocytes were incubated with adipo-

genic hormone mixture and various concentrations of HSF

for 3, 6, and 9 days and then analyzed for glycerol release

into the culture medium. After 3, 6, and 9 days, glycerol in

the supernatant was measured using a free glycerol deter-

mination kit using glycerol standards for calibration.

Briefly, free glycerol reagent solution was reconstituted

with distilled water. Then, the free glycerol reagent solu-

tion was reacted with distilled water (blank), glycerol stan-

dard (standard), and samples for 5 min. The solution was

then transferred to a 96 well plate, and absorbance was

determined at 540 nm using a multi-well plate reader.

 

Oil red O staining

Mature adipocytes were washed twice with PBS then

fixed with 10% fresh formalin for 20 min. After the 10%

formalin was removed, the same volume of fresh formalin

was added to each well for 1 hr. Cells were stained with an

Oil Red O working solution for 3 hr. After the staining

solution was removed, staining of lipid droplets in mature

adipocytes were washed four times with distilled water.

For the quantification of Oil Red O uptake, cells were

incubated with 1 mL of isopropanol per well for 10 min.

After incubation, the soluble reaction was transferred to a

96 well plate, and absorbance was measured at 540 nm

using a multi-well plate reader.

Western blotting analysis

Mature adipocytes were washed twice with ice-cold PBS

and lysed with an extraction buffer containing 20 mM

Tris, pH 8, 150 mM NaCl, 10 mM sodium phosphate,
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100 µM sodium vanadate, 100 µM ammonium molyb-

date, 10% glycerol, 0.1% nonidet P-40, 0.1% SDS, and 1×

protease and phosphatase inhibitors for Western blotting.

Insoluble materials were removed via centrifugation at

12,000 rpm for 20 min. The total concentration of

extracted proteins was determined using the Bradford

method. The supernatant proteins were electrophoretically

separated on SDS-PAGE 10 ~ 12% and then transferred to

nitrocellulose membranes. Blots were blocked in 5% skim

milk diluted in PBS-T buffer for 1 hr and then incubated

overnight with polyclonal antibodies against PPARγ, C/

EBPα, CPT-1, UCP-2, and β-actin. To detect the antigen-

bound antibodies, the blots were treated with secondary

antibody conjugated with horseradish peroxidase coupled

anti-IgG. Immunoreactive proteins were visualized using

an enhanced chemiluminescence detection system, and

band intensity was quantified using densitometry.

Statistical analysis

All measurements were repeated in triplicate, and statis-

tical calculations were performed using SPSS 15.0 for

Windows. Results were expressed as mean ± standard

deviation. One-way ANOVA and Duncan's multiple range

tests were used to examine the differences among groups.

Statistical significance was determined if p < 0.05.

Results

Effects of hydrolysate silk fibroin on cell viability in

3T3-L1 preadipocytes 

After treatment, cell viability was measured using an

MTT assay and expressed as percent cell viability com-

pared with the control. HSF significantly reduced the cell

viability of 3T3-L1 preadipocytes in a time- and dose-

dependent manner (Fig. 1). After 24 hr, 10 ~ 100 µg/mL

of HSF inhibited cell viability by nearly 10.2 ~ 15.5% and

after 72 hr, 5 ~ 100 µg/mL of HSF inhibited cell viability

by nearly 10.4 ~ 38.4%. No toxicity was observed for cells

treated with concentrations of HSF up to 50 µg/mL.

Inhibition of lipid accumulation 

During differentiation, cells were treated with various

concentrations of HSF at day 0 in adipogenic hormone

mixture, after which the culture medium was changed

every three days for a total of nine days. HSF decreased

intracellular lipid droplets in a dose-dependent manner, as

indicated by the decrease in Oil Red O incorporation (Fig.

2A). Treatment with 10 and 25 µg/mL HSF significantly

suppressed lipid accumulation to 9.4% and 10.2%, respec-

tively, compared to that of the control cells. Particularly,

50 µg/mL of HSF notably decreased the intracellular lipid

droplets to 22.8% of that of the control (Fig. 2B). These

results suggested that HSF controls lipid accumulation in

3T3-L1 adipocytes. 

Glycerol release 

Triglyceride hydrolysis releases glycerol and free fatty

acids from adipocytes, and this glycerol release causes

Fig. 1. Effect of hydrolysate silk fibroin on cell viability in

3T3-L1 preadipocytes. Cells were incubated with HSF at the

indicated various concentrations for 24, 48, and 72 hr, and the

growth rate was assessed using an MTT assay. Data are

expressed as percent growth rate of cells cultured in the pres-

ence of hydrolysate relative to that of the untreated cells. All

values are mean ±S.D. Letters with different superscripts are

significantly different according to ANOVA with Duncan’s

multiple range test at p<0.05.

Fig. 2. Effect of hydrolysate silk fibroin on lipid accumulation

in mature adipocytes. Cells were differentiated with HSF for

9 days, and the decrease in lipid accumulation was evaluated

using Oil red O staining. All values are means ±S.D. Letters

with different superscripts are significantly different according

to ANOVA with Duncan’s multiple range test at p<0.05.
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lipolytic activity. Therefore, we examined whether HSF

could increase glycerol release during differentiation. Cell

supernatants including HSF were collected after 3, 6, and

9 days for free glycerol release assay. As shown in Fig. 3,

glycerol release significantly increased during differenti-

ation with HSF treatments of 25 µg/mL (20.3% at day 6

and 28.9% at day 9) and 50 µg/mL (24.4% at day 6 and

34.7% at day 9). These results demonstrate that HSF

induced triglyceride hydrolysis during differentiation of

adipocytes, illustrating that it confers lipolytic activities in

3T3-L1 adipocytes.

Western blotting 

The effects of HSF on the expression of transcriptional

genes coding for adipogenic enzymes, including PPARγ

and C/EBPα, and transcriptional regulatory enzymes of

fatty oxidation such as CPT-1 and UCP-2 in 3T3-L1 cells

was examined using a Western blotting assay. Cells were

differentiated into adipocytes with HSF, as indicated, for

9 days. As shown in Fig. 4, HSF influenced PPARγ

expression in 3T3-L1 adipocytes. PPARγ expression

decreased in HSF (5 ~ 50 µg/mL) treated 3T3-L1 adipo-

cytes to levels significantly lower than that of control

cells. At 5 and 50 µg/mL of HSF, reductions of 6.4% and

20.2% of PPARγ expression, respectively, were observed.

The effect of HSF on C/EBPα expression resembled those

of PPARγ. At concentrations of 5 and 50 µg/mL, HSF sig-

nificantly decreased the expression of C/EBPα by 3.5%

and 28.8%, respectively, compared to that of control cells.

Therefore, HSF suppressed adipocytic differentiation of

3T3-L1 cells by inhibiting the transcriptional factors of

adipogenic enzymes including PPARγ and C/EBPα. Con-

versely, concentrations of 5 and 50 µg/mL of HSF sig-

nificantly increased the expression of CPT-1 to 4.4% and

30.3%, respectively, compared to that of the control cells.

Additionally, HSF influenced UCP-2 expression in dif-

ferentiated adipocytes, causing UCP-2 expression to

increase in HSF (25 µg/mL) treated cells by 17.3% of that

of the control cells. Therefore, HSF enhanced the lipolytic

activity by increasing the transcriptional factors of fatty

acid oxidation such as CPT-1 and UCP-2. Thus, HSF sup-

pressed adipogenesis by inhibiting the expressions of tran-

scriptional genes coding for adipogenic enzymes and

enhanced lipolysis by up-regulating the expressions of

transcriptional regulatory enzymes of fatty acid oxidation.

Discussion

The striking increase in the occurrence of overweight and

obese people over the past several decades is attributed in

part to dietary and lifestyle changes, such as rapidly

changing diets, increased availability of high energy

foods, and reduced physical activity (Dyson, 2010). Nat-

ural agents have been found to have beneficial effects on

health, and these compounds have drawn attention

because of their relative safety and evidence of desired

Fig. 3. Effect of hydrolysate silk fibroin on glycerol release in

mature adipocytes. Differentiated 3T3-L1 adipocytes were

treated with HSF for 3, 6, and 9 days, and the increase in

lipolytic effect was evaluated based on the glycerol release into

the culture medium. All values are mean±S.D. Letters with

different superscripts are significantly different according to

ANOVA with Duncan’s multiple range test at p<0.05.

Fig. 4. Effect of silk fibroin on expression of adipogenic and

lipolytic enzyme in mature adipocytes. Differentiated 3T3-L1

adipocytes were treated with HSF. Cell lysates were prepared

at 72 hr and were evaluated using Western blot analysis to

detect the expressions of adipogenic and lipolytic enzymes. All

values are mean ± S.D. Letters with different superscripts are

significantly different (p<0.05) according to one-way ANOVA

followed by the Duncan's multiple range tests. 
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physiological properties (Jeon and Kim, 2006). Previous

studies have shown that hydrolysate silk fibroin, the pro-

tein of silk, has specific biological effects such as mois-

turizing, antioxidant, anti-inflammation, and biomedical

materials. However little information has been published

regarding the effects on anti-obesity in vitro. In this study,

the anti-obesity effects of HSF were investigated through

lipid accumulation, glycerol release, and lipid metabolism

enzyme expression in 3T3-L1 cells. 

For increased adipose tissue to be created, the number

or sizes of adipocytes are increased by either proliferation

or differentiation (Arner et al., 2010). Reduction of adi-

pose tissue mass involves the loss of lipids through lipol-

ysis and inhibition of proliferation of preadipocytes and

differentiation of mature adipocytes. HSF at 5 ~ 50 µg/mL

did not affect 3T3-L1 cell viability, but the accumulation

of triglycerides in mature adipocytes decreased in cells

treated with HSF as compared to that of control cells,

demonstrating that HSF reduced lipid accumulation in

mature adipocytes. Additionally, triglyceride hydrolysis

proportionally releases glycerol and free fatty acids from

adipocytes (Wolfram et al., 2006). During adipocyte dif-

ferentiation, HSF caused a significant increase in glycerol

release, suggesting that the anti-adipogenic effects were

partially mediated by increased lipolysis. Hyun et al.

found that soluble fibroin enhances insulin sensitivity and

glucose metabolism in 3T3-L1 adipocytes (Hyun et al.,

2004). Park et al. reported that fibroin increased the phos-

phorylation of JNK, resulting in an increase of c-Jun accu-

mulation and a delayed degradation of c-Jun in Hirc-B

cells (Park et al., 2005). Also, fibroin is composed mainly

of glycine, alanine, sericin, and etc. Glycine added to the

diet has been described to protect against some patholog-

ical conditions such as oxidative stress and endotoxin-

induced inflammation (El Hafidi et al., 2004). Garcia-

Macedo et al. showed that glycine was increase adiponec-

tin and diminishes pro-inflammatory adipokines such as

IL-6, resistine, and TNF-µ in 3T3-L1 cells (Garcia-

Macedo et al., 2008). Although insulin sensitivity and

pro-inflammatory adipokines were not directly measured

in this study, they are related to obesity. Based on the

results of this study, HSF efficiently inhibited differenti-

ations of adipocyte at least in part via inhibition of lipid

accumulation and improved glycerol release in 3T3-L1

adipocytes.

We then examined the expressions of adipogenetic

(PPARγ and C/EBPα) and lipolytic (CPT-1, and UCP-2)

enzymes in 3T3-L1 adipocytes that had been treated with

HSF. The primary adipogenic transcription factors

involved in adipocyte differentiation are now well recog-

nized as belonging to the PPARs and C/EBPs. PPARγ

expression during differentiation is an important nuclear

hormone receptor in adipocytes (Rosen and MacDougald,

2006). Moreover, C/EBPs are leucine zipper transcription

factors and are expressed following hormone-induced dif-

ferentiation (Lane et al., 1999). With the initiation of C/

EBPα gene transcription, continued expression is assured

through transcriptional autoactivation. Additional PPAR

expression is caused by C/EBP activation, which prompts

the expressions of other adipogenic genes (Wei et al.,

2005). In this study, we found that PPARγ and C/EBPα

expression was inhibited by HSF. However, CPT-1,

located on the outer mitochondrial membrane, activities

might constitute a rate-limiting step in the course of fatty

acid β-oxidation. It is well known that the enzyme CPT-1

is inhibited by malonyl-CoA, a precursor for fatty acid

synthesis, and the sensitivity of CPT-1 to malonyl-CoA

inhibition increases with increased insulin level and

decreases with fasting (Kerner and Hoppel, 2000).

Uncoupling proteins can regulate cellular ATP production

by bypassing the electrochemical gradient across the inner

membrane from ATPase, illustrating its role in energy bal-

ance via thermogenesis (Chan and Kashemsant, 2006).

UCP-2 leads to reduced ATP production, which impairs

closure of the ATP-dependent K+ channels to prevent

insulin secretion. It is suggested that the physiological role

of UCP-2 is to prevent excessive superoxide generation

through a feedback loop (Jia et al., 2009). When the

results of other studies were directly compared with those

of our study, it was conclude that HSF was shown to com-

pletely suppress the expressions of adipogenic enzymes

and up-regulate the expressions of lipolytic enzymes. 

In conclusion, anti-adipogenic effects of HSF were con-

firmed through lipid accumulation, glycerol release, and

expression of lipid metabolism enzymes. HSF was shown

to selectively regulate the expressions of lipid metabolism

enzymes, leading to the facilitation of lipid degradation

than lipid synthesis. These results provide initial evidence

that HSF may be useful for the treatment of obesity.
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