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Abstract
Objectives: Previous studies have reported that
fibroin peptides can be used in a new strategy for
development of anti-diabetic peptide drugs. In this
study, we separated silk fibroin hydrolysates (SFH)
containing silk fibroin peptides into four components
according to their molecular weight and tested the
effects of these together with three synthetic silk
fibroin hexapeptides GAGAGS, GAGAGY, GAGA-
GA on cell proliferation of 3T3-L1 preadipocytes.
The aim of this study was to investigate protein
expression profiles of 3T3-L1 preadipocytes and
those treated with SFH component Fraction I and the
synthetic silk fibroin hexapeptide GAGAGS to be
able to elucidate difference in protein expression
between the 3T3-L1 preadipocytes and those treated
with fibroin peptides Fraction I and GAGAGS.
Materials and methods: SFH was separated by dial-
ysis. MTT assays were performed to test effects of
SFH components and synthetic silk fibroin hexapep-
tides on 3T3-L1 preadipocyte proliferation. We gen-
erated proteome maps using two-dimensional gel
electrophoresis and analysed them by peptide mass
fingerprinting.
Results: GAGAGS and peptide mixtures, Fraction I
and Fraction II, had significant effect in promoting
3T3-L1 preadipocyte proliferation. In the proteomic
analysis, 73 protein spots were successfully identi-
fied, including 15 which were differentially
expressed.
Conclusions: Our results show that some silk fibroin
peptides of low molecular weight SFH and hexa-

peptide GAGAGS affected 3T3-L1 preadipocyte
proliferation.

Introduction

Silk fibroin (SF), a fibrous protein obtained from larvae of
the domestic silk moth, Bombyx mori, consists of two
chains – a heavy chain (H-chain) and a light chain (L-
chain). The H-chain contains 5263 amino acid residues
(AA), composed of 45.9% Gly, 30.3% Ala, 12.1% Ser,
5.3% Tyr, 1.8% Val and 4.7% other 15 amino acid types.
Most of amino acid residues of the H-chain are con-
structed into low-complexity crystalline domains made up
of Gly-X dipeptide repeats. Residue X is Ala in 64% of
repeats, Ser in 22%, Tyr in 10% and Val in 3% of them.
Three repetitive units Gly-Ala-Gly-Ala-Gly-Ser (GA-
GAGS, 432 copies), Gly-Ala-Gly-Ala-Gly-Tyr (GA-
GAGY, 120 copies) and Gly-Ala-Gly-Ala-Gly-Ala
(GAGAGA, 96 copies) together comprise 74% amino
acid residues of the sequence. The L-chain has 262 AA
with 36 Ala, 25 Ser, 22 Gly, 21 Ile, 20 Leu and further 15
amino acid types less than 20 AA each. A single disul-
phide bond between Cys-172 of the L-chain and Cys-c20
(twentieth residue from the C terminus) of the H-chain
links them (1). In addition, a glycoprotein, designated P25
containing 220 AA, associates with the H-L complex pri-
marily by hydrophobic interactions. The elementary unit
of silk fibroin contains H-chain, L-chain and P25 in 6:6:1
molar ratio (2). Some biological effects of silk fibroin
have been reported, such as preventing DNA damage (3),
lowering blood cholesterol level in rats (4) and anti-HIV
activity (5).

Previous studies show that silk fibroin hydrolysates
(SFH) have the ability of improving glucose tolerance in
diabetic rats (6) and enhancing insulin sensitivity and glu-
cose metabolism in 3T3-L1 adipocytes (7). It has also
been found that synthetic silk fibroin peptides GAGAGA,
GAGAGS and GAGAGY have significant effects of
enhancing glucose uptake in 3T3-L1 adipocytes (8).
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Fibroin peptides such as peptide mixtures of hydrolysed
fibroin or peptides derived from fibroin including GA-
GAGY, could be used as a new strategy for development
of anti-diabetic peptide drugs (8). Adipocytes can be dif-
ferentiated from preadipocytes in vivo. Elucidating effects
of SFH containing silk fibroin peptides on proliferation of
3T3-L1 preadipocytes would contribute to explaining
effects of these fibroin peptides in treatment of diabetes.

Proteomics provides a large-scale and systematic
overview of proteins expressed by a genome, which is dif-
ferent from study of a single protein or a pathway (9).
Two-dimensional gel electrophoresis (2-DE) can separate
denatured proteins according to their molecular weights
and pH ⁄pKa, which is useful for separating proteins of
similar molecular weights (10). Goal protein spots can be
stained, digested into peptides and analysed by peptide
mass fingerprinting (PMF) with matrix-assisted laser
desorption ⁄ ionization time-of-flight mass spectrometry
(MALDI-TOF-MS), which offers very high levels of sen-
sitivity and mass accuracy, for detection and identification
of proteins (11). In this study, we separated SFH into four
components and tested their effects and those of three syn-
thetic silk fibroin hexapeptides GAGAGS, GAGAGY and
GAGAGA on proliferation of 3T3-L1 preadipocytes. We
used 2-DE to establish proteomic patterns of 3T3-L1 prea-
dipocyte and those treated with SFH component Fraction
I and synthetic silk fibroin peptide GAGAGS both having
a significant effect in promoting proliferation of 3T3-L1
preadipocytes. The differentially expressed proteins were
identified by PMF with MALDI-TOF-MS and identified
by western blot analysis and semiquantitative RT-PCR.
Our results may provide a preliminary insight into a global
response of 3T3-L1 preadipocytes treated with these silk
fibroin peptides.

Materials and methods

Preparation of SFH components

Cocoons of the silkworm, B. mori, reared in our labora-
tory, were collected. Sericin was removed as described
previously (7) with some modifications. Briefly, 50 g of
cocoon material was cut into small pieces, boiled in 2.5 l
of 5% Na2CO3 (that is, 50 g ⁄ l) twice for 0.5 h each and
then centrifuged. Residues were washed three times in hot
distilled H2O to remove any remaining sericin. Picrocar-
mine solution was used to detect that sericin removal was
complete. The silk fibroin was then solubilized by heating
20 g of residue in solution containing 0.12 l of distilled
water and 60 g (32.57 ml) of sulphuric acid at 100 �C for
0.5–3 h, and then cooled to 4 �C. Time for silk fibroin
hydrolysis is determined according to the degree of
hydrolysis (DH). DHs for preparing SFH with molecular

weight less than 1000 Da (noted as Fraction I), between
1000 and 2000 Da (noted as Fraction II), between 2000
and 3500 Da (noted as Fraction III), and between 3500
and 5000 Da (noted as Fraction IV), were 17%, 6%,
3.3% and 2.5% respectively. Then, 73.5 g of calcium car-
bonate was added to precipitate sulphate ions. After leach-
ing using a Brandt funnel, the SFH solution was obtained.
This was then separated using dialysis bags according to
the following procedure: For Fraction I, SFH solution was
dialysed using a dialysis bag of molecular weight cut-off
1000 (Jierui Co. Ltd, Shanghai, China) against distilled
H2O for 24 h at 4 �C. Solution outside the membrane
contained Fraction I and was lyophilized for the following
assays. For Fractions II, III and IV, SFH solutions were
respectively, dialysed with dialysis bags of molecular
weight cut-offs 1000, 2000 and 3500 Da at 4 �C against
distilled H2O, for 3 days replacing dialysis buffer every
half an hour to remove corresponding components of
SFH with molecular weights less than 1000, 2000 and
3500 Da. Then solutions inside the membrane were
respectively, dialysed with dialysis bags of molecular
weight cut-offs 2000, 3500 and 5000 Da against distilled
H2O for 24 h at 4 �C. Solution outside the membrane
containing Fraction II, III and IV was lyophilized for the
following assays.

Determination of degree of hydrolysis

The formula deduced by Yao et al. (12) was used to calcu-
late value of degree of hydrolysis (DH): DH ¼ h

htot
·100%.

DH value is equal to number of hydrolysed peptide bonds
divided by number of peptide bonds in the substrate (htot).
Value of htot was estimated as sum of millimoles of each
individual amino acid per gram of protein (htot = 12.4 m-
mol ⁄g) (13), this being found by determining amino acid
composition of the protein substrate. Variable h was the
amount of –COOH in SFH determined by formol titration
as described by Yao (12).

Peptide synthesis

Peptides were synthesized using the Fmoc ⁄ tBu approach
of solid-phase peptide synthesis (SPPS) according to
Amblard (14) and purified by reverse-phase HPLC using
a Capcell Pak C-18 column and two-solvent system, 0.1%
trifluoroacetic acid (TFA) ⁄H2O–0.1% TFA ⁄ acetonitrile,
with a 15–70% gradient. Identity of each peptide was
confirmed by mass analysis using LC ⁄MS.

Cell culture and cell proliferation analysis

3T3-L1 preadipocytes were grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% foetal
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bovine serum (FBS; Sijiqing, Hangzhou, China), 4.5 g ⁄L
D-Glucose, 100 U ⁄ml penicillin and 100 lg ⁄ml strepto-
mycin under 5% CO2. For analysis of cell proliferation,
cells treated as indicated in the results were washed three
times in phosphate-buffered solution (PBS). A volume of
0.2 ml of MTT (1 mg ⁄ml, Sigma, Hangzhou, China) was
added and further incubated for 4 h at 37 �C. MTT solu-
tion was discarded by aspiration, and the resulting forma-
zan product, converted by viable cells, was dissolved in
150 lM dimethylsulphoxide. Absorbance was read using
an ELISA plate reader at 570 nm. Viability of cells was
determined by trypan blue dye exclusion assay.

Two-dimensional gel electrophoresis

3T3-L1 preadipocytes in normal cell culture medium,
3T3-L1 preadipocytes treated with Fraction I (3T3-L1-FI)
and 3T3-L1 preadipocytes treated with GAGAGS (3T3-
L1-GAGAGS) as described in the results section, were
harvested, washed three times in cold PBS, centrifuged at
1500 g for 10 min at 4 �C. Pellets were stored at )80 �C
before protein lysis. Cells (5 · 106) were dissolved in
detergent lysis buffer containing 8 M urea, 2 M thiourea,
4% (w ⁄v) 3-[(3-Cholamidopropyl)dimethyl-ammonio]-1-
propanesulphonate (CHAPS), 0.5% (v ⁄v) Triton X-100,
0.5% (v ⁄v) immobilization pH gradient (IPG) buffer, pH
3–10 (Amersham Biosciences, Shanghai, China), 100 mM

dithriothreitol and 1.5 mg ⁄mL complete protease inhibitor
(Roche, Shanghai, China) for 1 h at 18 �C in an orbital
shaker. Lysates were then centrifuged at 21 000 g for
30 min and protein content in the supernatant was mea-
sured using the Bradford assay (15). Protein extracts were
separated by 2-DE, according to methods described previ-
ously, with some modifications (16). Briefly, for isoelec-
tric focusing (first dimension), 400 lg of protein lysate
was run in 6 M urea, 2 M thiourea, 1 M dithriothreitol, 2%
(w ⁄v) CHAPS and 0.5% (v ⁄v) IPG buffer on 17-cm pH
3–10 gradient IPG strips in IPGphor apparatus (Amer-
sham Biosciences) using the following protocol: after
12 h re-swelling time at 30 V, voltages of 200, 500 and
1000 V were applied for 1 h each. Then, voltage was
increased to 8000 V within 30 min and kept constant at
8000 V for another 12 h, resulting in total of 100 300 Vh.
For subsequent sodium dodecyl sulphate-polyacrylamide
gel electrophoresis (SDS–PAGE; second dimension), pro-
teins were transferred to 20 · 18 · 0.4 cm3 polyacryl-
amide gels and were separated by mass in 12.5%
acrylamide matrix. Protein spots in three different experi-
ments (replicate gels) were visualized by silver staining
and were scanned using an image scanner (GS-800 cali-
brated densitometry; Bio-Rad, Hercules, CA, USA). Soft-
ware of PD-Quest 7.2 (Bio-Rad) was employed for image
analysis, including background subtraction, spot detec-

tion, volume normalization and matching. A reference gel
containing all spots detected on any gel was established.
Average gels were matched to the reference gel, and aver-
age gels derived from 3T3-L1-FI, 3T3-L1-GAGAGS and
3T3-L1 preadipocytes were compared. For each protein
spot, significant differences were assessed via unpaired
Student’s t-tests using SPSS 12.0 for Windows (SPSS Inc.,
Chicago, IL, USA). Thresholds were defined as a signifi-
cant change in spot volume being at least 2-fold or the P-
value <0.05. Differentially expressed protein spots were
selected for further identification by matrix-assisted laser
desorption ⁄ ionization time-of-flight mass spectrometry
(MALDI-TOF-MS).

Protein identification by mass spectrometry

Protein identification was achieved by PMF using
MALDI-TOF-MS and gel matching via polynomial image
warping. For MALDI-TOF-MS, protein spots were auto-
matically located, excised and destained, and in-gel diges-
tion with trypsin (Promega, Shanghai, China) was
employed. Samples were prepared using a-cyano-4-
hydroxy-cinnamic acid as matrix, loaded on to pre-spotted
AnchorChip targets and were allowed to air dry at room
temperature. Peptide mass spectra were obtained using Ul-
traflex TOF ⁄TOF (Bruker Daltonics, Beijing, China) in
fully automated reflectron TOF operation mode controlled
by FlexControl software (Bruker Daltonics, Billerica,
MA, USA). Parameters of MALDI-TOF were set up as
follows: 20 kV accelerating voltage, 65% grid voltage,
100–120 ns delay time, and acquisition mass range 900–
3500 Da. Spectra were accumulated from 100 laser shots
and were internally calibrated using autolytic fragments of
trypsin. Obtained PMF were searched in the Swiss-Prot
database using Mascot software (http://www.matrix-
science.com) with following parameters: taxonomy
selected as Mus musculus (mouse); mass tolerance
±75 ppm; missed cleavage sites allowed up to 1; fixed
modification selected as carbamidomethylation (cysteine)
and variable modification selected as oxidation (methio-
nine). Probability scores calculated by the software were
used as criteria for correct identification. Three analytical
gels were performed for each group.

Semiquantitative reverse transcriptase-polymerase
chain reaction

Total RNA was isolated from 3T3-L1, 3T3-L1-FI and
3T3-L1-GAGAGS using TRIzol reagent (Invitrogen Life
Technologies, Beijing, China). First-strand cDNA was
generated using superscript first-strand synthesis system
(Invitrogen Life Technologies) according to the manufac-
turer’s protocol. Polymerase chain reaction (PCR) was
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performed using 1 ll of total cDNA mixed with 1· PCR
buffer, 1.5 lM MgCl2, 0.2 lM deoxynucleoside triphos-
phate (dNTP) and 1 lM of one of the following gene-spe-
cific oligonucleotide primer pairs: PCNA, forward primer:
5¢-CGG GCG CAG AGG GTT GGT AG-3¢ and reverse
primer: 5¢-TGC TCT GCA GGT TCA CGC CG-3¢; Actb,
forward primer: 5¢-GCA GCT CCT TCG TTG CCG GT-
3¢ and reverse primer: 5¢-TAC AGC CCG GGG AGC
ATC GT-3¢; Tuba1a, forward primer: 5¢-AGC CGC GAA
GCA GCA ACC AT-3¢ and reverse primer: 5¢-CCA CGG
TAC AGC AGG CAG CA-3¢; MCM7, forward primer 5¢-
CTG GCT GAC CAG GGC GTG TG-3¢ and reverse pri-
mer: 5¢-GCT GCC TGG AAC TGG GCT GG-3¢; hnRNP
A3, forward primer: 5¢-ATG GGC GTG TGG TGG AAC
CG-3¢ and reverse primer: 5¢-GCC ACC ACC ATA GGG
ACT GCC-3¢; Rab33b, forward primer: 5¢-GGC GAC
TCG AAC GTG GGC AA-3¢ and reverse primer: 5¢-GTG
GGC ACC TGA ATG GCG CT-3¢; Rab11b, forward pri-
mer: 5¢-GCG CCA GGA CAA TGG GGA CC-3¢ and
reverse primer: 5¢-CAG TGG GCA CAG CCC GAA GG-
3¢; Aebp1, forward primer: 5¢-CCA CGT TCC TCG CGC
CCT TT-3¢ and reverse primer: 5¢-ATT TGC GGG GAC
GCT GGG TG-3¢; TCP-1-zeta, forward primer: 5¢-CCA
GTG TGA AGG GCA GGG CG-3¢ and reverse primer:
5¢-ACC CAT CTC TGC GGC CAC CA-3¢. GAPDH, for-
ward primer: 5¢-TCT GAC GTG CCG CCT GGA GA-3¢
and reverse primer: 5¢-GGG GTG GGT GGT CCA GGG
TT-3¢. PCR amplifications were performed under the fol-
lowing conditions: after 5 min denaturation at 94 �C, 28
cycles of denaturation at 95 �C (30 s), annealing at 59 �C
(PCNA, 40 s), 56 �C (Actb, 45 s), 57 �C (Tuba1a, 45 s),
58 �C (MCM7, 40 s), 57 �C (hnRNP A3, 45 s); 58 �C
(Rab33b, 45 s), 59 �C (Rab11b, 40 s), 58 �C (Aebp1,
40 s), 59 �C (TCP-1-zeta, 45 s), 58 �C (GAPDH, 40 s),
and primer extension at 72 �C (90 s). A final extension
was carried out for 5 min and stopped at 4 �C. PCR prod-
ucts were visualized after electrophoresis on 1.5% agarose
gel and ethidium bromide staining. The expected product
sizes were 250 bp (PCNA), 132 bp (Actb), 980 bp
(Tuba1a), 785 bp (MCM7), 791 bp (hnRNP A3), 362 bp
(Rab33b), 420 bp (Rab11b), 310 bp (Aebp1), 200 bp
(TCP-1-zeta) and 299 bp (GAPDH). Intensity of the
bands was determined using AlphaEase software (Alpha
Innotech, Beijing, China) and normalized to the band
intensity of GAPDH. Each experiment was repeated three
times.

Western blot analysis

Western blot analysis was performed to measure protein
expression of PCNA, Actb, Tuba1a, MCM7, hnRNP A3,
Rab33b, Rab11b, Aebp1 and TCP-1-zeta. Cells were
washed twice in PBS and proteins were obtained using

NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Pierce, Beijing, China). Fifty micrograms of protein
extract was separated on 12.5% SDS–PAGE and were
transferred on to nitrocellulose membranes. Rabbit
anti-PCNA (Jinmei Biotech, Hangzhou, China), rabbit
anti-Actb, rabbit anti-Tuba1a (Sigma), goat anti-MCM7
(Majorbio, Shanghai, China), goat anti-hnRNP A3, rabbit
anti-Rab33b, goat anti-Rab11b, goat anti-Aebp1, goat
anti-TCP-1-zeta and goat anti-GAPDH (Santa Cruz, CA,
USA) were used as primary antibodies. Horseradish per-
oxidase-conjugated secondary antibodies were purchased
from Amersham Pharmacia Biotech (Hong Kong,
China). Anti-GAPDH monoclonal antibody was pur-
chased from Sigma. Proteins were visualized by means
of enhanced chemiluminescence (Sigma). Intensity of
bands was determined using AlphaEase software (Alpha
Innotech) and was normalized to band intensity of anti-
GAPDH, and semiquantitatively analysed using software
package IMAGEMASTER software (GE Healthcare Bio-
sciences, Uppsala, Sweden). Each experiment was
repeated three times.

Statistical analysis

Statistical significance between groups was determined
using mean ± SD, and statistical comparisons were per-
formed using unpaired Student’s t-test. A level of
P < 0.05 was considered significant.

Results

Effects of SFH components and synthetic silk fibroin
hexapeptides on proliferation of 3T3-L1 preadipocytes

To test effects of SFH components including Fractions I,
II, III, IV and synthetic silk fibroin hexapeptides GA-
GAGS, GAGAGY and GAGAGA on proliferation of
preadipocytes, the SFH components and hexapeptides
were added to culture medium to treat the cells at concen-
trations of 0.5, 5, 50 g ⁄ l for each. Figure 1a shows absor-
bance of MTT assay product reflecting cell viability, day 8
after treatment. The results show that Fraction I, Fraction
II and GAGAGS had a significant effect on improving the
cell proliferation (P < 0.01, compared to normal cell cul-
ture medium as control). Fraction III only at concentration
of 5 g ⁄ l had any significant effect on improvement of cell
proliferation (P < 0.05, compared to normal culture med-
ium as control). For Fraction I, Fraction II and GAGAGS,
5 g ⁄ l was the most efficient concentration compared to
0.5 and 50 g ⁄ l to promote proliferation. Then, we used
SFH components and synthetic hexapeptides at concentra-
tion of 5 g ⁄ l to treat 3T3-L1 preadipocytes to obtain their
population growth curves (Fig. 1b). Results show that
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GAGAGS, Fraction I and Fraction II show increases in
growth rates of 74.7%, 51.2%, 46.3%, respectively, over
controls on day 8 after treatment.

Comparison of protein expression profiles between
3T3-L1 preadipocytes and those treated with Fraction I
and GAGAGS

Fraction I and synthetic silk fibroin hexapeptide GA-
GAGS were used as stimuli to treat 3T3-L1 preadipo-
cytes as they both had significant effect in promoting
proliferation of 3T3-L1 preadipocytes (Fig. 1). Then a
comparison of protein expression profiles between 3T3-
L1 preadipocytes and those treated with Fraction I and
GAGAGS was made by 2-DE analysis and PMF using
MALDI-TOF-MS. In the first dimension of 2-DE analy-
sis, pH interval of 3–10 for IPG strips was used. After
three procedure cycles, three pieces of two-dimensional
gels were obtained, respectively, from 3T3-L1 preadipo-
cytes and those treated with Fraction I and GAGAGS.
Images of silver-stained two-dimensional gels were pho-
tographed by GS-800 calibrated densitometry and were
analysed using PD-Quest software. Matching analysis
showed that matching ratios of these gel images reached
91.2% for 3T3-L1 preadipocytes, 89.1% for 3T3-L1
preadipocytes treated with Fraction I (3T3-L1-FI) and
90.4% for 3T3-L1 preadipocytes treated with GAGAGS
(3T3-L1-GAGAGS), which indicated perfect reproduc-
ibility of these images. A representative 2-DE map for

3T3-L1-FI is shown in Fig. 2. According to analysis of
2-DE analytical gels after automatic spot detection,
background subtraction and volume normalization,
1321 ± 133 protein spots in gels of 3T3-L1 preadipo-
cytes, 1516 ± 112 protein spots in gels of 3T3-L1-FI
and 1328 ± 121 protein spots in gels of 3T3-L1-GA-
GAGS were detected.

Figure 1. Effects of SFH components and silk fibroin hexapeptides on cell proliferation of 3T3-L1 preadipocytes in vitro. (a) Effects of SFH
components and silk fibroin hexapeptides with different concentration on cell proliferation of 3T3-L1 preadipocytes in vitro. Cell viability was evaluated
by MTT assays at Day 8 after treatment (mean ± SD, n = 9, measured at A570, *P < 0.05, **P < 0.01, compared with normal cell culture medium as a
control). (b) Cell growth curves of 3T3-L1 preadipocytes treated with SFH components including Fraction I, Fraction II, Fraction III, Fraction IV and
silk fibroin hexapeptides including GAGAGS, GAGAGY, GAGAGA at the concentration of 5 g ⁄ l. Cell viability was evaluated by MTT assays
(mean ± SD, n = 9, measured at A570). The results showed Fraction I, Fraction II and hexapeptide GAGAGS have significant effects of promoting cell
proliferation on 3T3-L1 preadipocytes (P < 0.01, compared with normal cell culture medium as a control).

Figure 2. A representative 2-DE protein profile from 3T3-L1-FI at
Day 8 after treatment with the silk peptide mixture Fraction I. Pro-
teins were separated on the basis of isoelectric point (X-axis) and molecu-
lar mass (Y-axis) and visualized by silver staining. Fifteen spots of
differentially expressed proteins were identified and marked with circles.
The numbers on the circles represent the protein spot numbers listed in
Tables 1 and 2.

� 2010 Blackwell Publishing Ltd, Cell Proliferation, 43, 515–527.

Effects of silk fibroin peptides 519



Protein identification by peptide mass fingerprinting
analysis

According to comparison of protein profiles from 3T3-L1
preadipocytes, 3T3-L1-FI and 3T3-L1-GAGAGS using
PD-Quest two-dimensional software, we identified 73
including 15 differentially expressed protein spots by
PMF, using MALDI-TOF-MS. Subsequent bioinformatics
data were searched in the National Center for Biotechnol-
ogy Information (NCBI) database using Mascot software
(Matrix Science, London, UK) to identify the proteins. All
73 identified proteins are listed in Table 1. Only Mascot
database query results that were statistically significant at
the 5% level were considered. Three analytical gels were
run for each group. Of spots analysed, thirteen protein
spots showed up-regulation in 3T3-L1-FI and 3T3-L1-
GAGAGS compared with those in 3T3-L1 preadipocytes
treated with normal cell culture medium as a control
(P < 0.05 or P < 0.01). These up-regulated proteins were
proliferating cell nuclear antigen (PCNA); lamin a
(Lmna); seryl-tRNA synthetase (Sars); actin, cytoplasmic
1 (Actb); Ras-related protein Rab-33B (Rab33b); Ras-
related protein Rab-11B (Rab11b); DNA replication
licensing factor MCM7 (MCM7); heterogeneous nuclear
ribonucleoprotein A3 (hnRNP A3); T-complex protein 1
subunit zeta (TCP-1-zeta); 40S ribosomal protein SA
(Rpsa); PTB-containing, cubilin and LRP1-interacting
protein (P-CLI1); tubulin alpha-1A chain (Tuba1a); and
adipocyte enhancer-binding protein 1, isoform 2 (Aebp1).
Two protein spots showed down-regulation (P < 0.05 or
P < 0.01). These proteins were purine nucleoside phos-
phorylase (PNP) and glutathione S-transferase P 1 (Gst
P1). The 15 differentially expressed proteins are listed in
Table 2 and their compared 2-DE protein spots are shown
in Fig. 3. These 15 differentially expressed proteins were
involved as structural proteins, DNA replication, protein
biosynthesis, protein folding, protein transport, protein
binding, translation, transcription and GTP biosynthetic
process in 3T3-L1 preadipocytes.

Verification of differentially expressed proteins by western
blot analysis and semiquantitative RT-PCR

To confirm changes in protein expression between 3T3-
L1 preadipocytes, 3T3-L1-FI and 3T3-L1-GAGAGS, we
performed western blot analysis and semiquantitative RT-
PCR for some of the differentially expressed proteins. In
western blot analysis, protein levels of PCNA, Actb,
Tuba1a, MCM7, hnRNP A3, Rab33b, Rab11b, Aebp1
and TCP-1-zeta in 3T3-L1-FI and 3T3-L1-GAGAGS
were significantly higher than those of 3T3-L1 preadipo-
cytes (P < 0.01 or P < 0.05) using GAPDH as internal
control (Fig. 4). Protein levels of PCNA, Actb, hnRNP

A3 and Aebp1 in 3T3-L1-GAGAGS were higher than
those in 3T3-L1-FI (P < 0.01 or P < 0.05); protein levels
of Tuba1a, Rab11b, Rab33b, and MCM7 were equal
(P > 0.05) to those and TCP-1-zeta less than (P < 0.01)
that of 3T3-L1-FI using GAPDH as internal control
(Fig. 4). These results were identical to those of the prote-
ome analyses which indicated that proteomic analyses of
3T3-L1, 3T3-L1-FI and 3T3-L1-GAGAGS were legiti-
mate. By RT-PCR analysis, RNA levels of PCNA, Actb,
hnRNP A3, Aebp1, Rab33b, Rab11b, Tuba1a, MCM7
and TCP-1-zeta increased in 3T3-L1-FI and 3T3-L1-GA-
GAGS in comparison with 3T3-L1 preadipocytes
(P < 0.05 or P < 0.01). RNA levels of Actb, hnRNP A3
and Aebp1 in 3T3-L1-GAGAGS were higher than those
of 3T3-L1-FI (P < 0.01 or P < 0.05); RNA levels of
Tuba1a, Rab11b and Rab33b were equal (P > 0.05) to
those and TCP-1-zeta less than (P < 0.01) that in 3T3-L1-
FI, using GAPDH as internal control (Fig. 4). These
results were identical to those of the western blot analysis.
However, we detected no variations in mRNA levels of
PCNA between 3T3-L1-FI and 3T3-L1-GAGAGS and
we found that mRNA level of MCM7 in 3T3-L1-FI was
higher than that of 3T3-L1-GAGAGS. Change in protein
levels of PCNA and MCM7 between 3T3-L1-FI and 3T3-
L1-GAGAGS did not correlate with that in mRNA levels
(Fig. 4), indicating that change in PCNA protein level
occurred at translation or post-translation level and that
the higher mRNA level of MCM7 in 3T3-L1-FI had pro-
tein expression equal to that of 3T3-L1-GAGAGS, which
also occured at translation or post-translation level.

Discussion

In the present study, we separated SFH into four compo-
nents according to their molecular weight, to obtain pep-
tide mixtures: Fraction I with molecular weight less than
1000 Da, Fraction II molecular weight between 1000 and
2000 Da, Fraction III molecular weight between 2000 and
3500 Da and Fraction IV molecular weight between 3500
and 5000 Da. We used these and another three synthetic
silk fibroin peptides GAGAGA, GAGAGS and GA-
GAGY as stimuli to treat 3T3-L1 preadipocytes. The
results show that GAGAGS and peptide mixtures, Frac-
tion I and II, produced significant effects in promoting
proliferation of 3T3-L1 preadipocytes. Then, we investi-
gated protein expression profiles of 3T3-L1 preadipocytes
treated with Fraction I (3T3-L1-FI) and 3T3-L1 preadipo-
cytes treated with GAGAGS (3T3-L1-GAGAGS) consid-
ering that Fraction I and GAGAGS both had significant
effects in promoting cell proliferation and Fraction I may
contain hexapeptide GAGAGS, having reasonable com-
parison between them. In the proteomic analysis, we
found 15 differentially expressed proteins in 3T3-L1-FI
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Table 1. List of protein spots identified by MALDI-TOF-MS in 3T3-L1 preadipocytes treated with Fraction I and the silk fibroin hexapeptide
GAGAGS

Spot
number

NCBI Entrez protein
annotation

NCBI Entrez
protein
accession Score

Molecular
weight
(Da)

Isoelectric
point (pI)

Peptides
matched

Peptides
obtained

Sequence
coverage
(%)

Swiss-prot
protein
accession

1 Proliferating cell nuclear
antigen

gi|129695 157 29 108 4.66 15 20 32 P17918

2 Choline-phosphate
cytidylyltransferase A

gi|1345856 132 42 040 6.58 7 12 21 P49586

3 Purine nucleoside
phosphorylase

gi|1346738 169 32 538 5.93 13 18 38 P23492

4 Lactoylglutathione lyase gi|21362640 112 20 836 5.25 11 16 31 Q9CPU0
5 Lamin A gi|85700428 213 74 450 6.54 10 18 31 P48678
6 Regulator of G-protein

signalling 16
gi|2500171 138 22 905 7.05 10 16 30 P97428

7 Seryl-tRNA synthetase gi|18266844 185 58 734 5.95 14 20 32 P26638
8 Transaldolase gi|2851596 206 37 534 6.57 9 16 25 Q93092
9 Malate dehydrogenase,

cytoplasmic
gi|92087001 127 36 494 6.16 11 18 37 P14152

10 Transketolase gi|730956 223 68 272 7.23 8 18 22 P40142
11 Peroxiredoxin-2 gi|2499469 87 21 936 5.2 9 12 35 Q61171
12 60 kDa heat shock protein,

mitochondrial
gi|51702252 154 61 088 5.91 8 18 32 P63038

13 Alpha enolase gi|13637776 129 47 322 6.36 12 16 43 P17182
14 Aconitate hydratase,

mitochondrial
gi|60391212 198 86 151 8.08 13 20 19 Q99KI0

15 78 kDa glucose-regulated
protein

gi|2506545 175 72 492 5.07 14 21 28 P20029

16 Actin, cytoplasmic 1 gi|46397334 167 42 052 5.29 9 15 25 P60710
17 Calreticulin gi|117502 176 48 136 4.33 10 18 24 P14211
18 Carbonic anhydrase II gi|146345383 98 29 056 6.52 7 14 32 P00920
19 Aspartyl-tRNA synthetase gi|21264011 158 57 537 6.07 9 14 20 Q922B2
20 14-3-3 protein zeta ⁄ delta ⁄ ,

Protein kinase C, inhibitor
protein 1

gi|52000885 150 28 456 4.8 13 19 28 P63101

21 Peroxiredoxin 6 gi|3219774 135 24 794 6.01 16 24 44 O08709
22 Peroxiredoxin 5,

mitochondrial
gi|20138819 126 22 491 8.94 9 14 25 Q9R063

23 Ras-related protein Rab-33B gi|14916646 167 26 206 7.62 12 18 27 O35963
24 Solute carrier family 2

(facilitated glucose
transporter), member 4,
GLUT-4

gi|17380401 136 54 783 8.28 17 24 41 P14142

25 Ras-related protein Rab-11B gi|1172815 159 24 492 6.12 8 12 25 P46638
26 Dihydrolipoyllysine-residue

cetyltransferase component
of pyruvate dehydrogenase

gi|146325018 118 68 469 8.81 16 21 30 Q8BMF4

27 Hydroxymethylglutaryl-CoA
synthase

gi|61213707 174 58 160 5.65 12 17 28 Q8JZK9

28 Alcohol dehydrogenase
[NADP+]

gi|22653628 113 36 661 6.87 8 21 27 Q9JII6

29 Guanine nucleotide-binding
protein beta subunit 2-like 1

gi|54037181 93 35 511 7.6 14 18 41 P68040

30 Glutathione S-transferase
Mu 1

gi|121716 183 25 936 8.13 15 19 35 P10649

31 Heat shock cognate 71 kDa
protein

gi|51702275 129 71 055 5.37 14 21 33 P63017

32 14)3)3 protein tau gi|68566157 136 28 046 4.69 17 18 41 P68254
33 Carbonic anhydrase I gi|1345656 159 28 229 6.47 9 12 47 P13634
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Table 1. (Continued)

Spot
number

NCBI Entrez protein
annotation

NCBI Entrez
protein
accession Score

Molecular
weight
(Da)

Isoelectric
point (pI)

Peptides
matched

Peptides
obtained

Sequence
coverage
(%)

Swiss-prot
protein
accession

34 Delta-aminolevulinic acid
dehydratase

gi|122834 193 36 456 6.32 9 24 24 P10518

35 DNA replication licensing
factor MCM7

gi|2497827 204 81 787 5.98 16 22 28 Q61881

36 Heterogeneous nuclear
ribonucleoprotein A3

gi|30316201 97 37 291 8.46 8 15 30 Q8BG05

37 L-lactate dehydrogenase
A chain

gi|126048 137 36 686 7.77 7 14 33 P06151

38 Proteasome activator complex
subunit 1

gi|17380256 148 28 826 5.73 18 23 40 P97371

39 Complement component 1,
Q subcomponent binding
protein, mitochondrial

gi|3334247 148 31 336 4.82 8 16 20 O35658

40 Chloride intracellular channel
protein 1

gi|6685328 101 27 207 5.09 9 16 34 Q9Z1Q5

41 T-complex protein 1 subunit
zeta

gi|549061 112 57 873 6.67 10 18 24 P80317

42 Transcription initiation factor
TFIID subunit 8

gi|81881848 180 33 857 6.04 11 22 35 Q9EQH4

43 40S ribosomal protein SA gi|224994260 187 32 838 4.8 13 22 37 P14206
44 PTB-containing, cubilin and

LRP1-interacting protein
gi|74713284 190 24 784 6.49 9 14 32 Q3UBG2

45 Proto-oncogene
tyrosine-protein kinase Yes

gi|417233 210 60 499 6.23 8 18 25 Q04736

46 Protein Wnt-5b gi|14424475 187 38 591 8.74 10 18 33 P22726
47 Protein Wnt-5a gi|212276479 158 35 797 8.79 12 18 38 P22725
48 Protein tyrosine phosphatase

non-receptor type 1
gi|755043 178 49 593 5.78 11 24 30 P35821

49 Glutathione S-transferase P 1 gi|121747 143 23 478 8.13 7 10 32 P19157
50 Peroxisome

proliferator-activated
receptor gamma coactivator
1-alpha

gi|6679433 154 90 588 6.09 15 23 24 O70343

51 Peroxisome
proliferator-activated
receptor delta

gi|452114 156 49 715 6.58 12 24 31 P35396

52 Patatin-like phospholipase
domain-containing protein 2

gi|81896337 153 53 657 6.06 12 24 28 Q8BJ56

53 Patatin-like phospholipase
domain containing 8

gi|118130807 158 87 381 9.31 17 21 27 Q8K1N1

54 Nuclear receptor subfamily
4 group A member 1

gi|128911 103 64 738 6.75 9 15 19 P12813

55 Neutral amino acid
transporter ASCT2

gi|81881881 133 58 423 6.82 8 18 25 Q9ESU7

56 NADPH oxidase 4 gi|81881891 160 66 519 8.96 12 17 26 Q9JHI8
57 Group VI phospholipase A2 gi|8393978 99 83 702 6.77 15 25 27 P97819
58 Tubulin alpha-1A chain gi|55977479 156 50 136 4.94 10 24 32 P68369
59 Fat cell-specific low

molecular weight protein
alpha

gi|19071804 112 14 170 6.81 6 11 34 Q9D159

60 Delta-like 1 homologue
precursor

gi|83816918 136 41 316 5.59 14 20 31 Q925U3

61 Dapper 1 gi|24158474 196 84 306 9.33 10 17 25 Q8R4A3
62 CCAAT ⁄enhancer-binding

protein delta
gi|160332351 136 28 631 6.85 10 18 32 Q00322

63 CCAAT ⁄enhancer-binding
protein alpha

gi|86198301 156 37 430 7.25 9 13 30 P53566
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and 3T3-L1-GAGAGS with 13 up-regulated proteins and
two down-regulated proteins. These 15 differentially
expressed proteins were involved in nine biological func-
tions as shown in the results.

Proliferating cell nuclear antigen is an auxiliary pro-
tein of DNA polymerase delta and is involved in control
of eukaryotic DNA replication by increasing the polymer-
ase’s processibility during elongation of the leading
strand. It also acts as a landing pad for many other pro-
teins involved in DNA metabolism (17). PCNA is
required absolutely for cell proliferation. Deregulation of
PCNA expression is a hallmark of many proliferative dis-
eases, and in the clinic, PCNA serves as a general marker
of cell proliferation (18). In this study, we detected up-reg-
ulation of PCNA in 3T3-L1-FI and 3T3-L1-GAGAGS in
comparison with 3T3-L1 preadipocytes indicating that
PCNA may also play an important role in promoting
proliferation of 3T3-L1 preadipocytes stimulated by silk
peptide mixture Fraction I and hexapeptide GAGAGS.

PTB-containing, cubilin and LRP1-interacting protein
(P-CLI1) also known as protein NYGGF4, is a cytoplasm
molecule and has functions related to cell growth. PTB
domains are found in many cytoplasmic signalling
proteins, allowing them to bind specifically to other poly-
peptides that are tyrosine-phosphorylated, in response to
growth factor stimulation (19). Wang also found that P-
CLI1 increased the proliferation of 3T3-L1 preadipocytes
and this did not affect differentiation of the 3T3-L1 cells.
The authors thought that P-CLI1 may stimulate growth
rate of 3T3-L1 preadipocytes as a signalling molecule. In
the present study, we detected that expression of P-CLI1
in both 3T3-L1-FI and 3T3-L1-GAGAGS was more than
twice as high as that of 3T3-L1 preadipocytes. The results

showed that Fraction I and GAGAGS modulated higher
expression of P-CLI1, which increased proliferation of
3T3-L1 preadipocytes.

Adipocyte enhancer-binding protein 1 (AEBP1) is a
ubiquitously expressed transcriptional repressor with
carboxypeptidase and DNA-binding activities (20,21).
Isoform 2 of this protein may positively regulate
MAP-kinase activity in preadipocytes, leading to
enhanced preadipocyte proliferation and reduced adipo-
cyte differentiation. Overexpression of AEBP1 in 3T3-L1
preadipocytes increases their proliferation rate (22). In the
present study, up-regulation of AEBP1, isoform 2 in
3T3-L1-FI and 3T3-L1-GAGAGS indicated that Fraction
I and GAGAGS may affect the cell proliferation of
3T3-L1 preadipocytes through MAP-kinase activity
regulated by AEBP1 isoform 2.

Proliferation of eukaryotic cells is a highly regulated
process that depends on precise duplication of chromo-
somal DNA in each cell cycle. A replication licensing
system promotes assembly of complexes of proteins
termed DNA replication licensing factor MCM2–7 on to
replication origins (23). It is important for preventing
re-replication of DNA in a single cell cycle. In this study,
we detected up-regulation of DNA replication licensing
factor MCM7 (MCM7) in 3T3-L1-FI and 3T3-L1-
GAGAGS, indicating that Fraction I and GAGAGS
affect regulation of the replication licensing system in
3T3-L1 preadipocytes.

Chaperonin-containing T-complex polypeptide 1
(CCT) plays an important role in cell growth as it
assists in folding of actin, tubulin and other proteins, to
attain their functional conformations (24–33). Expression
of CCT here was strongly up-regulated during cell

Table 1. (Continued)

Spot
number

NCBI Entrez protein
annotation

NCBI Entrez
protein
accession Score

Molecular
weight
(Da)

Isoelectric
point (pI)

Peptides
matched

Peptides
obtained

Sequence
coverage
(%)

Swiss-prot
protein
accession

64 cAMP-specific 3¢,5¢-cyclic
phosphodiesterase 4D

gi|57015302 219 84 563 4.79 12 15 23 Q01063

65 cAMP-specific 3¢,5¢-cyclic
phosphodiesterase 4A

gi|23396489 194 93 558 5.11 16 25 25 O89084

66 C5a anaphylatoxin
chemotactic receptor C5L2

gi|225579146 215 38 199 6.72 11 19 25 Q8BW93

67 Autophagy-related protein 7 gi|22550098 230 77 520 5.97 18 25 34 Q9D906
68 Arachidonate lipoxygenase 3 gi|226874908 106 80 473 6.35 14 19 32 B1ASX3
69 Adipocyte enhancer-binding

protein 1, isoform 2
gi|607132 123 84 983 4.74 18 23 21 Q640N1

70 Acyl-CoA desaturase 2 gi|113135 197 41 073 9.14 12 24 29 P13011
71 5¢-AMP-activated protein

kinase subunit gamma-2
gi|81879584 169 62 997 9.39 8 16 18 Q91WG5

72 Preadipocyte factor 1 gi|1169354 189 38 907 5.41 15 20 35 Q09163
73 Acyl-CoA desaturase 1 gi|21431735 187 41 046 9.16 13 20 28 P13516
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proliferation, especially from G1 ⁄S to early S phase. CCT
expression was down-regulated in G0 ⁄G1 phase. When
tubulin is rapidly synthesized and assembled, CCT expres-
sion is up-regulated (34–37). Yokota supposed that CCT
should assist maturation of proteins up-regulated at G1 ⁄S
transition and ⁄or early S phase (38). In the present study,
we detected that expression of Tuba1a, Actb and TCP-1-

zeta, also named CCT-zeta-1, was significantly up-regu-
lated in 3T3-L1-FI and 3T3-L1-GAGAGS in comparison
with 3T3-L1 preadipocytes. It can be supposed that
Fraction I and GAGAGS modulate TCP-1-zeta expres-
sion, which assists in folding of actin, tubulin and other
proteins to attain rapid cell proliferation of 3T3-L1 prea-
dipocytes.

(a) (b)

Figure 4. Confirmation of differentially expressed proteins. Confirmation of differentially expressed proteins in 3T3-L1-FI and 3T3-L1-GAGAGS
in comparison with 3T3-L1 preadipocytes (control), using Western blot analysis and semiquantitative RT-PCR.

Figure 3. Representative 2-DE protein spots. Representative 2-DE protein spots from 3T3-L1 preadipocytes (control), 3T3-L1-FI, and 3T3-L1-
GAGAGS analysed at Day 8 after treatment with normal cell culture medium, the silk peptide mixture Fraction I and the hexapeptide
GAGAGS respectively. The numbers in the boxes represent the protein spot numbers listed in Tables 1 and 2.
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Rab33b, a member of the Rab small GTPase family
described as a Golgi-resident protein, is involved in
Golgi-to-endoplasmic reticulum (ER) transport (39,40).
Rab11b belongs to the Rab11 subfamily playing an essen-
tial role in protein recycling from endosomes to plasma
membrane (41,42) and polarized transport from endo-
somes to trans-Golgi network (43). Up-regulated expres-
sion of Rab33b and Rab11b in 3T3-L1-FI and 3T3-L1-
GAGAGS indicate that Fraction I and GAGAGS affect
protein transport in 3T3-L1 preadipocytes.

Rpsa is required for assembly and ⁄or stability of the
40S ribosomal subunit, and is required for processing of
20S rRNA-precursor to mature 18S rRNA in a late step of
maturation of 40S ribosomal subunits. It also functions as
a cell surface receptor for laminin (44). hnRNPA3 plays a
role in cytoplasmic trafficking of RNA and pre-mRNA
splicing (45). Here, Rpsa and hnRNP A3 were up-
regulated in 3T3-L1-FI and 3T3-L1-GAGAGS. It can be
supposed that Fraction I and GAGAGS concern rapid
maturation of 40S ribosomal subunits and affect their or
other RNA’s cytoplasmic trafficking in 3T3-L1 preadipo-
cytes. Gst P1 can be used as a marker to predict enhanced
oxidative stress in cells (46). Here, down-regulation of
GSTP1 expression implies less oxidative stress in
3T3-L1-FI and 3T3-L1-GAGAGS than that in 3T3-L1
preadipocytes.

Results in the proteomic analysis show that protein
expression of PCNA, Lmna, Sars, Actb, hnRNPA3, Rpsa
and Aebp1 in 3T3-L1-GAGAGS were significantly higher
than those in 3T3-L1-FI (P < 0.01 or P < 0.05); protein
expression of Rab11b, Rab33b, Tuba1a, MCM7, PNP, P-
CLI1 and Gst P1 were equal to (P > 0.05) those and TCP-
1-zeta less than (P < 0.01) that in 3T3-L1-FI (Table 2).
The results were partially verified by western blot analy-
sis. It can be supposed that the inconsistent changes in
these proteins in 3T3-L1-FI and 3T3-L1-GAGAGS were
caused by other peptides in Fraction I. There also existed
silk fibroin peptides different from the hexapeptide GA-
GAGS in Fraction II affecting proliferation of 3T3-L1
preadipocytes, considering that Fraction II had the effect
of promoting their proliferation.

In conclusion, this study has described a proteomic
approach to understanding effects of the peptide mixture
Fraction I with molecular weight <1000 Da and hexapep-
tide GAGAGS in promoting proliferation of 3T3-L1 prea-
dipocytes. Protein identification demonstrated that
Fraction I and GAGAGS affect many aspects of cell func-
tions. Using this method, we identified 15 differentially
expressed proteins relative to nine biological functions in
3T3-L1-FI and 3T3-L1-GAGAGS in comparison with
3T3-L1 preadipocytes, which may result in rapid prolifer-
ation of 3T3-L1 preadipocytes modulated by Fraction I
and GAGAGS. The experiment was performed using the

3T3-L1 preadipocytes line. As cell lines might have dis-
torted pathways of cell proliferation compared to primary
cells, further investigation is required to elucidate the spe-
cific peptides in Fraction I and Fraction II different from
the hexapeptide GAGAGS, affecting the proliferation of
3T3-L1 preadipocytes and whether this finding would be
totally applicable to primary cells. Our data provide a pre-
liminary outline for further studies searching for new pep-
tides affecting proliferation of 3T3-L1 preadipocytes in
silk fibroin hydrolysates, which will contribute to explain-
ing mechanisms of these peptides, for use as anti-diabetic
peptide drugs in future.
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