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ABSTRACT: The breakdown of collagenous networks with aging results in hypoactive changes in the skin. Accordingly,
reviving stagnant collagen synthesis can help protect dermal homeostasis against aging. We searched for type I collagen
biosynthesis-inducing substances in various foods using human dermal fibroblasts and found that cinnamon extract facilitates
collagen biosynthesis. Cinnamon extract potently up-regulated both mRNA and protein expression levels of type I collagen
without cytotoxicity. We identified cinnamaldehyde as a major active component promoting the expression of collagen by HPLC
and NMR analysis. Since insulin-like growth factor-I (IGF-I) is the most potent stimulator of collagen biosynthesis in fibroblasts,
we examined the effect of cinnamaldehyde on IGF-I signaling. Treatment with cinnamaldehyde significantly increased the
phosphorylation levels of the IGF-I receptor and its downstream signaling molecules such as insulin receptor substrate-1 and
Erk1/2 in an IGF-I-independent manner. These results suggested that cinnamon extract is useful in antiaging treatment of skin.
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■ INTRODUCTION
A well-balanced array of extracellular matrix (ECM) compo-
nents gives skin its healthy structural and functional conditions.
The dermal ECM is synthesized from fibroblasts and primarily
comprises fibrillar collagen bundles and elastic fibers, which
provide skin with its mechanical strength and resiliency, respec-
tively.1 Of the many types of collagen, type I is the most
abundant in normal skin, comprising more than 90% of its dry
weight.2 Collagen precursor molecules (i.e., procollagen
molecules) are synthesized in the endoplasmic reticulum and
are transported to the Golgi apparatus for secretion into the
extracellular spaces, where they are enzymatically processed to
form mature collagen.3 Both intrinsic and extrinsic aged skin
(e.g., the emergence of wrinkles and elastosis and loss of skin
tone) can be caused by reductions in the amount and organi-
zation of the ECM in the dermis,4,5 suggesting that the pro-
motion of collagen synthesis could help protect dermal homeo-
stasis against aging.6

Insulin-like growth factor-I (IGF-I) is a single-chain polypep-
tide homologous to proinsulin (49%).7 IGF-I is involved in cell
proliferation, survival, migration, and production of ECM,8

including collagen fibrils, in dermal fibroblasts.9 IGF-I signaling
pathways in various cell systems have been well documented,10

demonstrating that IGF-I action results primarily from the
activation of the IGF-I receptor and its satellites, which include
Src homology 2 domain containing transforming protein 1 and
insulin receptor substrate-1 (IRS-1). Subsequent pathways acti-
vated include the phosphoinositide 3-kinase and/or mitogen-
activated protein (MAP) kinase pathways.11 IGF-I is considered
to be the major growth factor responsible for the induction of
collagen synthesis in dermal fibroblasts.12

Cinnamon bark or cortex has been used as a natural spice
and as a component of traditional Chinese medicine for centuries
to treat gastritis, blood circulation disturbances, and inflammatory

disease.13,14 In addition, in recent years, its prophylactic and
therapeutic effects against diabetes have attracted wide atten-
tion, implicating their beneficial actions mimicking insulin.15

We previously reported that thioctic acid potentiates collagen
biosynthesis through transforming growth factor-β (TGF-β)
signaling in normal human dermal fibroblasts.16 Our study
implicates that bioactive molecules could be growth factor-
mimics to promote collagen synthesis in the dermis, but little
work has been done to evaluate the effect of natural plant extracts
on collagen synthesis in a growth factor-independent manner. In
this study, we searched for type I collagen biosynthesis-inducing
medicinal food by using normal human dermal fibroblasts and
demonstrated for the first time that cinnamon extract strongly
facilitates type I collagen biosynthesis. Furthermore, we identified
cinnamaldehyde as a major active component, and revealed that its
mechanism of action could be attributable to the activation of
IGF-I signaling in an IGF-I-independent manner. Our results
suggested that cinnamon extract may be useful in preventing skin
aging.

■ MATERIALS AND METHODS
Materials. Hybond-ECL membrane was obtained from GE

Healthcare UK, Ltd. (Buckinghamshire, UK). The protease inhibitor
cocktail was obtained from Roche Applied Science (Mannheim,
Germany). Fetal bovine serum (FBS) was obtained from Invitrogen
(Carlsbad, CA, USA). The EZ-ECL chemiluminescence detection
kit for chemiluminescence detection was from Biological Industries
(Kibbutz Beit Haemek, Israel). Ethylenediamine tetraacetic acid
(EDTA), skim milk powder, Tween 20, and dithiothreitol (DTT)
were purchased from Wako Pure Chemical (Osaka, Japan). DMEM
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medium, penicillin, streptomycin, cinnamyl alcohol, HEPES, phos-
phatase inhibitor cocktail, and Triton X-100 were purchased from
Nacalai Tesque (Kyoto, Japan). Cinnamaldehyde, 2-methoxycinna-
maldehyde, cinnamic acid, cinnamyl acetate, and α-methylcinnamal-
dehyde were from Sigma-Aldrich (St. Louis, MO, USA). IGF-1 was
purchased from PeproTech (Rocky Hill, NJ, USA). A variety of
powdered spices were purchased at local supermarkets. Spice extracts
were prepared by the extraction of spice powder (10 mg) with 1.0 mL
of dimethyl sulfoxide (DMSO) at room temperature for 60 min using
a rotator. The resultant solution was centrifuged at 16,000g for 10 min,
and the supernatant was removed and used as a 10 mg/mL spice
extract. The extracts were stored at −20 °C until use.
Cell Culture. Normal human skin fibroblast NB1RGB cells

(RCB0222) were provided by the RIKEN Bio-Resource Center
(Tsukuba, Japan) and maintained in a 5% CO2 humidified atmosphere
at 37 °C in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% FBS, 100 units/mL penicillin, and 100 μg/mL strepto-
mycin. The cells were seeded into 10-cm Petri dishes and cultured until
they reached confluence. The cells were starved in serum-free DMEM for
24 h before they were treated with spice extracts in the serum-free
medium.
Cell Growth Assay. NB1RGB cells were seeded in 96-well plates

(3,000 cells/well). After 24 h of culture in 10% FBS-DMEM, the
medium in the 96-well plate was exchanged with 100 μL of serum-free
DMEM. Twenty-four hours later, the cells were treated with Ceylon
cinnamon extract (0−100 μg/mL) in serum-free medium (100 μL) for
24 h. After the treatment, cell viability was determined by the WST-8
reduction assay using a Cell Count Reagent SF kit (Nacalai Tesque)
according to the manufacturer’s instructions.
Sodium Dodecyl Sulfate−Polyacrylamide Gel Electropho-

resis (SDS−PAGE) and Immunoblot Analysis. After treatment, the
cells were lysed with cold RIPA buffer (10 mM Tris·HCl, pH 7.4,
150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, 0.1% SDS,
and 1 mM EDTA) containing 1× protease inhibitor cocktail (Nacalai
Tesque) and then sonicated briefly. The protein concentration of each
lysate was measured with BCA Protein Assay Reagent (Thermo Fisher
Scientific, Waltham, MA, USA) or Bio-Rad Protein Assay Reagent
(Bio-Rad, Hercules, CA). After reduction with 50 mM DTT, the pro-
teins were run on 8% SDS−polyacrylamide gels, transferred to
a nitrocellulose membrane, incubated with 5% skim milk in Tris-
buffered saline containing 0.1% Tween 20 (TBS-T) at room tempera-
ture for 1 h for blocking, washed three times in TBS-T for 10 min, and
treated overnight with the primary antibody at 4 °C. After washing
three times with TBS-T, the blots were further incubated for 1 h at
room temperature with horseradish peroxidase (HRP)-conjugated IgG
antibody in TBS-T. To enhance the immunoreactions for phosphory-
lated proteins, we used an immunoreaction enhancer solution, Can
Get Signal solutions 1 and 2 (Toyobo, Osaka, Japan) to dilute primary
and secondary antibodies, respectively. Blots were then washed three
times in TBS-T before visualization. An ECL kit and LAS-4000 system
(Fujifilm, Tokyo, Japan) were used for chemiluminescence detection.
The following antibodies were used: anti-β-actin mouse monoclonal
IgG (AC-15) (Santa Cruz Biotechnology, Santa Cruz, CA, USA; 1:4,000),
donkey antigoat IgG-HRP (Santa Cruz Biotechnology; 1:4,000), goat
antimouse IgG-HRP (Santa Cruz Biotechnology; 1:4,000), mouse anti-
IGF-I receptor monoclonal IgG (Santa Cruz Biotechnology; 1:4,000),
rabbit anti-IRS-1 polyclonal IgG (Santa Cruz Biotechnology; 1:4,000),
goat antirabbit IgG-HRP (Cell Signaling Technology, Danvers, MA, USA;
1:4,000), rabbit antiphospho-IGF-I receptor β (Tyr1131) polyclonal IgG
(Cell Signaling Technology; 1:2,000), rabbit antiphospho-p44/42 MAPK
(Erk1/2) (Thr202/Tyr204) polyclonal IgG (Cell Signaling Technology;
1:4,000), rabbit anti-p44/42 MAPK (Erk1/2) monoclonal IgG (Cell
Signaling Technology; 1:4,000), goat anticollagen type I polyclonal
antibody (Millipore, Billerica, MA, USA), and rabbit antiphospho-IRS-1
(Tyr612) polyclonal IgG (Invitrogen; 1:4,000).
Real-Time PCR for Type I Collagen α1 Subunit. Type I

collagen α1 subunit (COL1A1) mRNA induction was determined
using real-time PCR. NB1RGB cells were plated onto 6-well plates and
cultured until they reached confluence. The cells were starved in
serum-free DMEM for 24 h before they were treated with cinnamon

extract or components in the serum-free medium. After cells were
treated as indicated, total RNA was collected using the RNeasy Mini
RNA isolation kit (Qiagen, Valencia, CA, USA). RNA was eluted into
RNase-free water, quantified by UV absorbance, and aliquoted at −80 °C
until use. Reverse transcription (RT)-PCR was performed on equal
amounts of total RNA (500 ng) using the Primescript II High RT-
PCR kit (Takara Bio, Shiga, Japan). Real time-PCR was performed
using TaqMan gene expression assay (Applied Biosystems) for
COL1A1 (Hs00164004_m1) and eukaryotic 18S rRNA
(Hs99999901_s1), according to the manufacturer’s instructions
on the Applied Biosystems 7500 Real-Time PCR System. Samples were
run in triplicate, and relative quantification was performed by comparing
the values obtained at the fractional cycle number at which the amount
of amplified target reaches a fixed threshold (threshold cycle).

Immunofluorescence Microscopy. NB1RGB cells were fixed in
4% formaldehyde in phosphate-buffered saline (PBS) for 10 min,
washed three times with PBS, and permeabilized with 1% Triton X-
100-containing PBS for 20 min. After washing three times with PBS,
cells were blocked with 5% skim milk in TBS-T. After washing with
TBS-T, cultures were incubated with anticollagen type I polyclonal
antibody (Millipore) overnight at 4 °C. They were washed three times
with TBS-T and exposed to Alexa Fluor 488 goat antirabbit IgG
antibody (Invitrogen) for 1 h. After rinsing three times with TBS-T,
the cells were incubated with Hoechst 33342 (Wako Pure Chemical)
for 1 h at room temperature. After encapsulation, each sample was
examined under a Leica confocal fluorescence microscope (Leica
Microsystems Japan, Tokyo, Japan).

Sequential Solvent Extraction of Cinnamon. Ceylon cinnamon
powder (10 mg) was sequentially extracted with 1.0 mL of n-hexane,
chloroform, methanol, and water at room temperature for 60 min
using a rotator. Each extract was evaporated to dryness under reduced
pressure with a centrifugal concentrator at room temperature and then
reconstituted with 1.0 mL of DMSO.

High-Performance Liquid Chromatography (HPLC). For
HPLC, we used Pump L-2310 (Hitachi, Tokyo, Japan), Rheodyne
(Cotati, CA, USA) Model 7725i equipped with a 5 μL sample loop,
and an L-4000 UV detector (Hitachi). Two mobile phase solvents
were employed. Solvent A was prepared by adding concentrated acetic
acid (0.1%) to ultrapure water. Solvent B was prepared by adding
acetic acid (0.1%) to HPLC grade acetonitrile. For analysis, we used a
reverse phase column (Cosmosil 5C18-MS-II, 2.0 × 150 mm, Nacalai
Tesque) and the following mobile gradient: 0−30 min, linear gradient
from 80% solvent A to 100% solvent A. The flow rate was constant at
300 μL/min. For isolation, HPLC employed a reverse phase column
(Cosmosil 5C18-AR-II, 10 × 250 mm, Nacalai Tesque) under the same
chromatographic conditions. The flow rate was constant at 2.0 mL/min.

1H NMR Analysis of Cinnamaldehyde. Cinnamaldehyde was
isolated from methanol extract of Ceylon cinnamon by HPLC as
described above. The solution eluted under the chromatographic peak
was collected and evaporated under reduced pressure with a rotary
evaporator at 30 °C. The structure of purified cinnamaldehyde was
confirmed by 1H NMR and two-dimensional correlated spectroscopy
experiments (JNM-AL 400 NMR spectrometer system, a JEOL, Ltd.,
Tokyo, Japan) and identified by comparison against spectra for
authentic cinnamaldehyde. 1H NMR (400 MHz, chloroform-d)
spectrum of isolated cinnamaldehyde was assigned as follows: δ 6.71
(dd, 1H, J = 16.4, 8.0 Hz, β-CH), 7.47 (d, 1H, J = 16.4 Hz, γ-CH),
7.42−7.43 (m, 3H, Ar−H), 7.56 (dd, 2H, J = 6.0, 3.6 Hz, Ar−H), 9.70
(d, 1H, J = 8.0 Hz, CHO).

■ RESULTS
Screening for Medicinal Food Inducing Type I Colla-

gen Expression in Normal Human Skin Fibroblasts. We
initially searched for type I collagen expression-inducing medi-
cinal food in normal human skin fibroblasts NB1RGB cells. The
fibroblasts were exposed to each extract with DMSO for 6 h,
and then the level of pro-type I collagen was determined by
immunoblot analysis with antitype I collagen antibody. We
investigated the effects of extracts from 3 teas, 12 spices, and
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7 herbs on the expression level of type I collagen and found that
some spice extracts apparently stimulate collagen production. As
shown in a representative result for spice extracts (Figure 1), mace,

black pepper, fenugreek, cinnamon, and cumin markedly increased
the levels of pro-type I collagen. Among these extracts, we
focused on cinnamon extract as a potent inducer of type I
collagen synthesis.
Several Cinnamomum species are often sold as cinnamon

worldwide, and the contents of their chemical constituents are
reported to vary from species to species.17,18 Therefore, we
evaluated the activity of three cinnamon powders, namely,
cassia cinnamon (Cinnamomum aromaticum), unknown cinna-
mon, and Ceylon cinnamon (Cinnamomum verum), from
Vietnam, Malaysia, and Sri Lanka, respectively, by immunoblot
analysis. As shown in Figure 2A, all extracts significantly en-
hanced the production of pro-type I collagen, implying that
general constituent(s) in Cinnamomum species are active com-
pounds. Furthermore, we assessed the expression level of type I
collagen α1 subunit mRNA in NB1RGB cells exposed to
cinnamon extract by real-time PCR (Figure 2B). The treatment
of NB1RGB cells with the extract from cassia and that from
Ceylon cinnamon for 6 h significantly potentiated the mRNA
expression by approximately 2.4- to 2.8-fold compared with the
vehicle control, suggesting that cinnamon constituents stimu-
late the signaling pathways for type I collagen gene expression.
As shown in Figure 2C, the exposure to Ceylon cinnamon
extract at concentrations from 1 to 20 μg/mL for 6 h signifi-
cantly increased in the pro-type I collagen level in a dose-
dependent manner. The pro-type I collagen level was increased
for 6 h after the treatment with cinnamon extract and thereafter
decreased gradually (Figure 2D), whereas there were no change
in the level for up to 24 h after the treatment with vehicle (data
not shown). We also confirmed that cinnamon extract showed
no cytotoxicity at a concentration up to 100 μg/mL over a
period of 24 h (data not shown).
Mature type I collagen synthesis involves inter- and

intracellular modifications in multiple posttranslational stages.19

Before the formation of the procollagen triple helix, type I
collagens are modified by the hydroxylation of prolyl and lysyl
residues, and glycosylation of certain hydroxylysyl residues. The
procollagen is excreted and is converted extracellularly into
collagen by cleaving the propeptides. Subsequently, collagen
molecules assemble into ordered fibrils, which are finally cross-
linked by lysyl oxidase. To further evaluate the accumulation of
type I collagen, we examined total levels of newly synthesized

and posttranslationally modified type I collagens in cinnamon
extract-treated NB1RGB cells by immunofluorostaining with
antitype I collagen antibody. As shown in Figure 2E, immuno-
fluorescent microscopic analysis revealed that type I collagen
was significantly deposited by the treatment with cinnamon
extract for 24 h as compared with the vehicle control. Taken
together, these data indicate that cinnamon extract poten-
tiates the expression of type I collagen and promotes its
accumulation.

Figure 1. Effects of spice extracts on the expression of type I collagen
in NB1RGB fibroblasts. Indonesian mace, Indian black pepper, Indian
fenugreek, Indonesian nutmeg, Chinese garlic, Spanish saffron, Indian
turmeric, Spanish paprika, Ceylon cinnamon, and Iranian cumin were
extracted with DMSO as described in the Materials and Methods
section. NB1RGB cells were treated with spice extracts (10 μg/mL) or
100 ng/mL IGF-I (positive control), in serum-free medium for 6 h.
Then, the level of pro-type I collagen was determined by
immunoblotting with antitype I collagen antibody. β-Actin was also
determined and used as a loading control.

Figure 2. Upregulation of type I collagen expression in NB1RGB
fibroblasts by the treatment of cinnamon extracts. (A and B) NB1RGB
cells were treated with several species of cinnamon extracts (10 μg/
mL) or 100 ng/mL IGF-I in serum-free medium for 6 h. (A)
Immunoblott analysis of the levels of pro-type I collagen. (B) Analysis
of mRNA expression of type I collagen A1 by real-time PCR. Total
RNA was collected from treated cells and subjected to real-time PCR
using type I collagen A1- and 18S rRNA-specific primers. 18S rRNA
was used as the internal control. Values represent the mean ± SD of
triplicate determinations. The significance of differences was evaluated
using Student’s t test. ** p < 0.01, *** p < 0.001 versus the vehicle
control group. (C) Concentration-dependent expression of pro-type I
collagen by the treatment of cinnamon extract. NB1RGB cells were
exposed to the indicated concentrations of Ceylon cinnamon extracts
for 6 h. Then, the level of pro-type I collagen was determined by
immunoblotting. (D) Time-dependent expression of pro-type I
collagen by the treatment of cinnamon extract. NB1RGB cells were
exposed to Ceylon cinnamon extract (10 μg/mL) for 0−24 h. Then,
the level of pro-type I collagen was determined by immunoblotting.
(E) Immunofluorescent microscopic analysis of of type I collagen in
cinnamon extract-treated NB1RGB cells. The cells were exposed to the
indicated concentrations of Ceylon cinnamon extracts or 100 ng/mL
IGF-I for 24 h, and then were stained with antitype I collagen antibody
(green) and Hoechst 33342 (blue) as described in the Materials and
Methods section.
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Determination of Active Components That Stimulate
Type I Collagen Expression from Cinnamon Extract. To
elucidate the active components in cinnamon extract that
promote type I collagen expression, we next investigated the
activity of sequential extracts with four solvents with increasing
polarity from cinnamon powder. After NB1RGB cells were
treated with each extract for 6 h, the level of pro-type I collagen
was determined by immunoblotting. As shown in Figure 3A,

organic extracts with n-hexane, chloroform, and methanol in-
tensely up-regulated the level of pro-type I collagen, but not
with water, suggesting that the active components are lipo-
philic. Figure 3B shows HPLC chromatograms for the sequen-
tial extracts from cinnamon powder. We observed a major peak
with a retention time of 12.5 min in all organic extracts.

Therefore, the fraction of the major peak was collected from
cinnamon extract by preparative HPLC. Structural analysis of
this compound isolated was characterized as cinnamaldehyde
(Figure 3C) by 1H NMR and 2D-COSY and confirmed by
comparison against the 1H NMR spectra of the authentic
standard. Cinnamaldehyde is one of the major components of
Cinnamomum species20 and has been known to exert several
pharmacological effects such as anti-inflammatory,21 antitu-
mor,22 and antidiabetic activities.23 In addition to cinnamalde-
hyde, Cinnamomum species contain several cinnamaldehyde
derivatives. The chemical components of Cinnamomum species
have been clearly defined by HPLC analysis in previous
studies.24,25 Therefore, we determined the HPLC profile for
well-defined cinnamaldehyde derivatives. Consequently, the
peaks of cinnamyl alcohol (peak 1), cinnamic acid (peak 2),
cinnamaldehyde (peak 3), 2-methoxycinnamaldehyde (peak 4),
α-methyl cinnamaldehyde (peak 5), and cinnamyl acetate (peak 6),
shown in Figure 3D, were determined from cinnamon extract
by comparing their retention times from individual authentic
standards (Figure 3C). Considering these observations, we
evaluated the activities of six cinnamaldehyde derivatives for
collagen production using immunoblot analysis. As shown in
Figure 4A, cinnamaldehyde, α-methyl cinnamaldehyde, and

cinnamyl acetate significantly enhanced the production of pro-
type I collagen during incubation for 6 h. Furthermore, we
assessed the expression level of type I collagen α1 subunit
mRNA in NB1RGB cells exposed to cinnamaldehyde deriva-
tives by real-time PCR (Figure 4B). Consistent with immuno-
blot analysis, cinnamaldehyde, α-methyl cinnamaldehyde, and
cinnamyl acetate significantly increased the mRNA levels for

Figure 3. Searching for the active constituent promoting type I
collagen expression from cinnamon extracts. (A) Immunoblott analysis
of the levels of pro-type I collagen in NB1RGB cells exposed to
sequential extracts. Ceylon cinnamon powder was sequentially
extracted with n-hexane, chloroform, methanol, and water as described
in the Materials and Methods section. NB1RGB cells were treated with
each extract in serum-free medium for 6 h. Then, the level of pro-type
I collagen was determined by immunoblotting. (B) HPLC profiles of
the sequential extracts from Ceylon cinnamon. Black line, n-hexane
extract; red line, chloroform extract; green line, methanol extract; blue
line, water extract. (C) Structures of cinnamaldehyde derivatives in
cinnamon. (D) HPLC profiles of cinnamaldehyde derivatives. Peak 1,
cinnamyl alcohol; peak 2, cinnamic acid; peak 3, cinnamaldehyde; peak
4, 2-methoxycinnamaldehyde; peak 5, α-methyl cinnamaldehyde; peak
6, cinnamyl acetate.

Figure 4. Effects of the constituents of cinnamon on the expression of
type I collagen in NB1RGB fibroblasts. (A and B) NB1RGB cells were
treated with 10 μM constituents of cinnamon or 100 ng/mL IGF-I in
serum-free medium for 6 h. (A) Immunoblott analysis of the levels of
pro-type I collagen. (B) Analysis of mRNA expression of type I
collagen A1 by real-time PCR. Total RNA was collected from treated
cells and subjected to real-time PCR using type I collagen A1- and 18S
rRNA-specific primers. 18S rRNA was used as the internal control.
Values represent the mean ± SD of triplicate determinations. The
significance of differences was evaluated using Student’s t test. * p <
0.05, ** p < 0.01, *** p < 0.001 versus the vehicle control group.
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the type I collagen α1 subunit. The treatment of NB1RGB cells
with cinnamaldehyde for 6 h most strongly potentiated the
mRNA expression by approximately 1.6-fold compared with the
vehicle control. These data indicate that these compounds
are major active components in cinnamon extract that stimulate
the signaling pathways for type I collagen gene expression.
To further characterize the action of cinnamaldehyde, we

examined the dose- and exposure time-dependent expression of
pro-type I collagen in cinnamaldehyde-exposed NB1RGB cells.
As shown in Figure 5A, the treatment with cinnamaldehyde at

concentrations from 5 to 20 μM for 6 h significantly increased
the pro-type I collagen level, and the level was increased for 6 h
after the treatment of cinnamaldehyde and thereafter decreased
gradually (Figure 5B). We also confirmed that multiple type I
collagens significantly accumulated after the treatment of
NB1RGB cells with cinnamaldehyde for 24 h by immuno-
fluorostaining (Figure 5C).
Activation of IGF-I Signaling by Cinnamaldehyde

Treatment. We further investigated the molecular mechanism
underlying the induction of type I collagen expression by
treatment with cinnamaldehyde. The activation of extracellular
signal-regulated kinase 1/2 (Erk1/2) is one of the major
downstream signaling events that participate in type I collagen
gene expression.26,27 Therefore, we examined whether Erk1/2

activation is involved in the cinnamaldehyde-induced up-
regulation of type I collagen by immunoblot analysis. As
shown in Figure 6A, the treatment of NB1RGB cells with

10 μM cinnamaldehyde induced the phosphorylation of Erk1/2
with maximum induction at 1 h. The phosphorylation then gra-
dually diminished in a time-dependent manner. We also detec-
ted the activation of Erk1/2 after the exposure to cinnamalde-
hyde at concentrations from 1 to 20 μM for 30 min as well as
IGF-I (Figure 6B), suggesting that cinnamaldehyde induces the
intracellular Erk signaling cascade and thereby enhances the
expression of type I collagen. IGF-I is the most potent inducer of
type I collagen biogenesis by an Erk phosphorylation-dependent
mechanism in fibroblasts.12,26 Binding of IGF-I to the IGF-I
receptor results in autophosphorylation of the receptor β
subunits at Tyr1131, Tyr1135, and Tyr1136, and increased
receptor tyrosine kinase activity and tyrosine phosphorylation
of IRS-1.8,11 Phosphorylated IRS-1 plays a key role in trans-
mitting signals from the IGF-I receptor to intracellular Erk
pathways. Hence, we further examined whether IGF-I signaling
is involved in the cinnamaldehyde-triggered activation of Erk1/
2 by immunoblot analysis. As shown in Figure 7A, the treat-
ment of NB1RGB cells with 10 μM cinnamaldehyde signifi-
cantly induced the phosphorylation of both the IRS-1 and IGF-
I receptors after the incubation for 15 min. We also observed
that the exposure to cinnamaldehyde at concentrations from
5 to 20 μM for 30 min caused the activation of both IRS-1 and
IGF-I receptors (Figure 7B). These data suggest that
cinnamaldehyde-dependent stimulation of type I collagen
biosynthesis in NB1RGB fibroblasts can be attributed to the
activation of IGF-I signaling.

■ DISCUSSION

The maintenance of skin texture is largely dependent on the
activities of dermal fibroblasts, and type I collagen plays a

Figure 5. Effect of cinnamaldehyde on the expression of type I
collagen in NB1RGB fibroblasts. (A) Concentration-dependent
expression of pro-type I collagen by the treatment of cinnamaldehyde.
NB1RGB cells were exposed to the indicated concentrations of
cinnamaldehyde for 6 h. Then, the level of pro-type I collagen was
determined by immunoblotting. (B) Time-dependent expression of
pro-type I collagen by the treatment of cinnamaldehyde. NB1RGB
cells were exposed to 10 μM cinnamaldehyde for 0−24 h. Then, the
level of pro-type I collagen was determined by immunoblotting. (C)
Immunofluorescent microscopic analysis of type I collagen in
cinnamaldehyde-treated NB1RGB cells. The cells were exposed to
the indicated concentrations of cinnamaldehyde or 100 ng/mL IGF-I
for 24 h and then were stained with antitype I collagen antibody
(green) and Hoechst 33342 (blue) as described in the Materials and
Methods section.

Figure 6. Activation of Erk1/2 during the exposure of NB1RGB cells
to cinnamaldehyde. (A) Time-dependent phosphorylation of Erk1/2
by the treatment of cinnamaldehyde. NB1RGB cells were exposed to
10 μM cinnamaldehyde for 0−10 h. Then, phosphorylation of Erk1/2
was determined by immunoblotting. (B) Concentration-dependent
phosphorylation of Erk1/2 by the treatment of cinnamaldehyde.
NB1RGB cells were exposed to the indicated concentrations of
cinnamaldehyde or 100 ng/mL IGF-I for 30 min. Then, phosphor-
ylation of Erk1/2 was determined by immunoblotting.
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crucial role in maintaining of the tensile strength and elasticity
of skin. Reduction and degradation of type I collagen in the
dermis is a prominent feature of aged and photodamaged
skin.28 This notion is clearly supported by the fact that biosyn-
thesis of type I collagen by fibroblasts is markedly diminished in
elderly persons and photodamaged skin, resulting in delayed
wound healing and loss of dermal elasticity.29 Therefore, an
approach that enhances type I collagen production and thereby
strengthens skin texture is an attractive strategy against the
aging of skin such as wrinkle formation and sagging of skin. In
this study, as a preliminary test, we initially performed a mole-
cular target-based screening assay to identify type I collagen
expression-inducing medicinal food among 22 plant extracts by
using normal human dermal fibroblasts. Interestingly, the spice
series promoted collagen production more strongly than the
others. Therefore, we narrowed the search to the spice series
and then identified cinnamon extract as the most potent
inducer of dermal collagen synthesis (Figure 1). Regardless of
the origin of Cinnamomum species, the cinnamon extract up-
regulated both mRNA and protein expression levels of pro-type
I collagen (Figure 2A and B). Furthermore, we revealed that
cinnamaldehyde is the major active component in cinnamon
extract that stimulates type I collagen biosynthesis (Figure 4)
and that its action mechanism could be attributed to the IGF-I
receptor-activating pathway (Figures 6 and 7). It is noteworthy
that cinnamaldehyde has been shown to penetrate human skin

over a period of 24 h following its topical application.20,30

These facts suggest that cinnamon extract could be utilized as a
therapeutic against skin aging.
We previously reported that thioctic acid, an antioxidant

found in almost all foods, functions as a TGF-β mimic to
promote collagen production through the activation of TGF-β
receptor in normal human dermal fibroblasts.16 Moreover,
some food constituents such as polyphenols have been recently
shown to mimic insulin and IGF-I signaling.31−33 Interestingly,
recent studies on cinnamon have also shown that cinnamon
extract and its constituents could mimic insulin by activating
the insulin receptor and exhibit antidiabetic effects independ-
ently from insulin in vitro and in vivo.14,15,34 These findings
imply that food-derived small molecules including cinnamalde-
hyde could latently be growth factor-mimics. Since IGF-I is the
most potent stimulator for collagen biosynthesis in dermal
fibroblasts,12,26 we investigated the effect of cinnamaldehyde on
IGF-I signaling. In the present study, we found that the expo-
sure of the dermal fibroblasts to cinnamaldehyde contributed to
a definite activation of IGF-I receptor and its downstream
signaling molecules such as IRS-1 and MAP-kinases (Erk1/2)
in the absence of IGF-I (Figures 6 and 7), in other words,
cinnamaldehyde could mimic the actions of IGF-I. These
events can consequently lead to the up-regulation of type I
collagen expression in the fibroblast. Synthesis of IGF-I, which
occurs predominantly in the liver and partly in the muscles,
brain, and kidneys, is regulated primarily by growth hormone
secretion.35 Aging decreases the biological activities of dermal
fibroblasts both in vivo and in vitro, in part, due to the decline
in IGF-I responsiveness.36 In addition, the acceleration of aging
is related to the decline of IGF-I blood levels in such a manner
that aging rates progress as growth hormone secretion dimin-
ishes.37 Thus, our findings suggest that the potentiating effects of
cinnamon extract on dermal IGF-I responsiveness are beneficial
in the treatment and prevention of the visible signs of aging.
The ligand-independent activation of IGF-I signaling

evoked by cinnamaldehyde may be indirectly attributed to
the phosphorylation−dephosphorylation reaction of the IGF-I
receptor. Cinnamon extract has been previously shown to
stimulate autophosphorylation of insulin receptor and inhibit
protein tyrosine phosphatase-1B (PTP-1B), which is a negative
regulator of insulin signal transduction.34 Recently, Fu et al.
reported that p-carboxycinnamaldehyde and its tripeptide-
substituted derivatives act as a reversible covalent inhibitor
against PTP-1B.38 The mechanism of inhibition has been
proposed to involve the formation of an imine/enamine adduct
between the aldehyde group of the cinnamaldehyde derivatives
and the guanidine group of Arg-221 in the PTP-1B active site.
Furthermore, Moran et al. have previously shown that tripeptide-
substituted cinnamic acids potently inhibit PTP-1B.39 In the
insulin signaling pathway, PTP-1B dephosphorylates several
substrates such as the tyrosine residues 1146, 1150, and 1151 of
the phosphorylated insulin receptor β subunit, causing termi-
nation of receptor tyrosine kinases cascade initiated when
insulin binds to the insulin receptor, and the phosphorylated
IRS-1, resulting in down-regulation of insulin signaling. Recent
studies have demonstrated that PTP-1B inhibitors could lead to
the activation of the insulin receptor and its downstream signal-
ing molecules in an insulin-independent manner and exhibit
insulin-mimetic effects in vitro and in vivo.40 Therefore, PTP-
1B has recently emerged as a promising therapeutic molecular
target in the effective management of type 2 diabetes. In
addition, PTP-1B has also been shown to dephosphorylate and

Figure 7. Activation of IGF-I signaling during the exposure of
NB1RGB cells to cinnamaldehyde. (A) Time-dependent activation of
IGF-I signaling by the treatment of cinnamaldehyde. NB1RGB cells
were exposed to 10 μM cinnamaldehyde or 100 ng/mL IGF-I for
0−60 min. Then, phosphorylation of the IRS-1 and IGF-I receptors
was determined by immunoblotting. (B) Concentration-dependent
activation of IGF-I signaling by the treatment of cinnamaldehyde.
NB1RGB cells were exposed to the indicated concentrations of
cinnamaldehyde for 30 min or 100 ng/mL IGF-I for 15 min. Then,
phosphorylation of the IRS-1 and IGF-I receptors was determined.
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inactivate IGF-I receptor, which has 70% homology to the
insulin receptor. On the basis of these facts, we speculate that
cinnamaldehyde and its derivatives can inhibit PTP-1B and
thereby induce the activation of IGF-I receptor and its down-
stream signaling molecules in the fibroblasts, resulting in the up-
regulation of type I collagen expression. In the present study, the
series of cinnamaldehyde derivatives varied in their effectiveness
in type I collagen expression (Figure 4), suggesting that their
modest structural differences may exert influence on the inhibi-
tion of PTP1B in the fibroblast. Further studies are needed to
elucidate the exact molecular mechanism underlying cinnamal-
dehyde-triggered activation of IGF-I signaling.
In conclusion, we demonstrated for the first time that the

cinnamon extract significantly potentiates type I collagen bio-
synthesis within dermal fibroblasts. Furthermore, we revealed
that cinnamaldehyde is the major active component in cinna-
mon extract that induces type I collagen biosynthesis. The
underlying molecular mechanism was considered to involve the
activation of IGF-I signaling via the direct IGF-I receptor-
activating pathway. Our findings could be helpful in improving
the signs and symptoms of aging skin since a reduction in
dermal collagen production is considered to be its principal
cause. The mechanism by which cinnamaldehyde induces the
ligand-independent activation of IGF-I receptor will be addressed
further in the near future.

■ AUTHOR INFORMATION
Corresponding Author
*Tel: +81-72-254-9460. Fax: +81-72-254-9460. E-mail: akagawa@
biochem.osakafu-u.ac.jp.
Author Contributions
§These authors contributed equally to this work.
Funding
This study was partially supported by a Grant-in-Aid for Young
Scientists by Japan Society for Promotion of Science
(No. 1181002300 to M.A.).

■ ACKNOWLEDGMENTS
We thank Professor Hideo Hayashi of Osaka Prefecture
University for help regarding the NMR analysis of cinnamalde-
hyde.

■ ABBREVIATIONS USED
ECM, extracellular matrix; ECL, enhanced chemiluminescence;
Erk1/2, extracellular signal-regulated kinase 1/2; FBS, fetal
bovine serum; HRP, horseradish peroxidase; IGF-I, insulin-like
growth factor-I; IRS-1, insulin receptor substrate-1; MAP,
mitogen-activated protein; PTP-1B, protein tyrosine phospha-
tase-1B; RIPA, radio-immunoprecipitation assay; TBS, Tris-
buffered saline; TBS-T, Tris-buffered saline containing Tween
20; TGF-β, transforming growth factor-β

■ REFERENCES
(1) Teli, A. Regulation of cellular functions by extracellular matrix.
J. Am. Soc. Nephrol. 1992, 2 (10S), S83−S87.
(2) Nigel, P. B. Inherited diseases of collagen, elastin and keratin.
Medicine 2005, 33 (1), 83−86.
(3) Orgel, J. P.; San Antonio, J. D.; Antipova, O. Molecular and
structural mapping of collagen fibril interactions. Connect. Tissue Res.
2011, 52 (1), 2−17.
(4) Mays, P. K.; Bishop, J. E.; Laurent, G. J. Age-related changes in
the proportion of types I and III collagen. Mech. Ageing Dev. 1988,
45 (3), 203−212.

(5) Mehta, R. C.; Fitzpatrick, R. E. Endogenous growth factors as
cosmeceuticals. Dermatol. Ther. 2007, 20 (5), 350−359.
(6) Cutroneo, K. R. How is Type I procollagen synthesis regulated at
the gene level during tissue fibrosis. J. Cell. Biochem 2003, 90 (1), 1−5.
(7) Schmid, C. Insulin-like growth factors. Cell. Biol. Int. 1995,
19 (5), 445−457.
(8) Baserga, R.; Hongo, A.; Rubini, M.; Prisco, M.; Valentinis, B. The
IGF-I receptor in cell growth, transformation and apoptosis. Biochim.
Biophys. Acta 1997, 1332 (3), F105−F126.
(9) Edmondson, S. R.; Thumiger, S. P.; Werther, G. A.; Wraight, C. J.
Epidermal homeostasis: the role of the growth hormone and insulin-
like growth factor systems. Endocr. Rev. 2003, 24 (6), 737−764.
(10) Butler, A. A.; Yakar, S.; Gewolb, I. H.; Karas, M.; Okubo, Y.;
LeRoith, D. Insulin-like growth factor-I receptor signal transduction: at
the interface between physiology and cell biology. Comp. Biochem.
Physiol., Part B: Biochem. Mol. Biol. 1998, 121 (1), 19−26.
(11) Werner, H.; Le Roith, D. New concepts in regulation and
function of the insulin-like growth factors: implications for under-
standing normal growth and neoplasia. Cell. Mol. Life Sci. 2000, 57 (6),
932−942.
(12) Gillery, P.; Leperre, A.; Maquart, F. X.; Borel, J. P. Insulin-like
growth factor-I (IGF-I) stimulates protein synthesis and collagen gene
expression in monolayer and lattice cultures of fibroblasts. J. Cell.
Physiol. 1992, 152 (2), 389−396.
(13) Nir, Y.; Potasman, I.; Stermer, E.; Tabak, M.; Neeman, I.
Controlled trial of the effect of cinnamon extract on Helicobacter
pylori. Helicobacter 2000, 5 (2), 94−97.
(14) Gruenwald, J.; Freder, J.; Armbruester, N. Cinnamon and
health. Crit. Rev. Food Sci. Nutr. 2010, 50 (9), 822−834.
(15) Couturier, K.; Batandier, C.; Awada, M.; Hininger-Favier, I.;
Canini, F.; Anderson, R. A.; Leverve, X.; Roussel, A. M. Cinnamon
improves insulin sensitivity and alters the body composition in an
animal model of the metabolic syndrome. Arch. Biochem. Biophys.
2010, 501 (1), 158−161.
(16) Tsuji-Naito, K.; Ishikura, S.; Akagawa, M.; Saeki, H. α-Lipoic
acid induces collagen biosynthesis involving prolyl hydroxylase
expression via activation of TGF-β-Smad signaling in human dermal
fibroblasts. Connect. Tissue Res. 2010, 51 (5), 378−387.
(17) Woehrlin, F.; Fry, H.; Abraham, K.; Preiss-Weigert, A.
Quantification of flavoring constituents in cinnamon: high variation
of coumarin in cassia bark from the German retail market and in
authentic samples from Indonesia. J. Agric. Food Chem. 2010, 58 (19),
10568−10575.
(18) Thantsin, K.; Zhang, Q.; Yang, J.; Wang, Q. Composition of
semivolatile compounds of 10 Cinnamomum species from China and
Myanmar. Nat. Prod. Res. 2008, 22 (7), 576−583.
(19) Prockop, D. J.; Kivirikko, K. I. Collagens: molecular biology,
diseases, and potentials for therapy. Annu. Rev. Biochem. 1995, 64,
403−434.
(20) Cocchiara, J.; Letizia, C. S.; Lalko, J.; Lapczynski, A.; Api, A. M.
Fragrance material review on cinnamaldehyde. Food Chem. Toxicol.
2005, 43 (6), 867−923.
(21) Chao, L. K.; Hua, K. F.; Hsu, H. Y.; Cheng, S. S.; Lin, I. F.;
Chen, C. J.; Chen, S. T.; Chang, S. T. Cinnamaldehyde inhibits pro-
inflammatory cytokines secretion from monocytes/macrophages
through suppression of intracellular signaling. Food Chem. Toxicol.
2007, 46 (1), 220−231.
(22) Chew, E. H.; Nagle, A. A.; Zhang, Y.; Scarmagnani, S.;
Palaniappan, P.; Bradshaw, T. D.; Holmgren, A.; Westwell, A. D.
Cinnamaldehydes inhibit thioredoxin reductase and induce Nrf2:
potential candidates for cancer therapy and chemoprevention. Free
Radical Biol. Med. 2010, 48 (1), 98−111.
(23) Subash Babu, P.; Prabuseenivasan, S.; Ignacimuthu, S.
Cinnamaldehyde--a potential antidiabetic agent. Phytomedicine 2007,
14 (1), 15−22.
(24) Yang, J.; Chen, L. H.; Zhang, Q.; Lai, M. X.; Wang, Q. Quality
assessment of cortex cinnamomi by HPLC chemical fingerprint,
principle component analysis and cluster analysis. J. Sep. Sci. 2007,
30 (9), 1276−1283.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf2043357 | J. Agric.Food Chem. 2012, 60, 1193−12001199



(25) He, Z. D.; Qiao, C. F.; Han, Q. B.; Cheng, C. L.; Xu, H. X.;
Jiang, R. W.; But, P. P.; Shaw, P. C. Authentication and quantitative
analysis on the chemical profile of cassia bark (cortex cinnamomi) by
high-pressure liquid chromatography. J. Agric. Food Chem. 2005,
53 (7), 2424−2428.
(26) Svegliati-Baroni, G.; Ridolfi, F.; Di Sario, A.; Casini, A.; Marucci,
L.; Gaggiotti, G.; Orlandoni, P.; Macarri, G.; Perego, L.; Benedetti, A.;
Folli, F. Insulin and insulin-like growth factor-1 stimulate proliferation
and type I collagen accumulation by human hepatic stellate cells:
differential effects on signal transduction pathways. Hepatology 1999,
29 (6), 1743−1751.
(27) Papakrivopoulou, J.; Lindahl, G. E.; Bishop, J. E.; Laurent, G. J.
Differential roles of extracellular signal-regulated kinase 1/2 and
p38MAPK in mechanical load-induced procollagen alpha1(I) gene
expression in cardiac fibroblasts. Cardiovasc. Res. 2004, 61 (4), 736−
744.
(28) Fisher, G. J.; Quan, T.; Purohit, T.; Shao, Y.; Cho, M. K.; He,
T.; Varani, J.; Kang, S.; Voorhees, J. J. Collagen fragmentation
promotes oxidative stress and elevates matrix metalloproteinase-1 in
fibroblasts in aged human skin. Am. J. Pathol. 2009, 174 (1), 101−114.
(29) Fisher, G. J.; Kang, S.; Varani, J.; Bata-Csorgo, Z.; Wan, Y.;
Datta, S.; Voorhees, J. J. Mechanisms of photoaging and chronological
skin aging. Arch. Dermatol. 2002, 138 (11), 1462−1470.
(30) Smith, C. K.; Moore, C. A.; Elahi, E. N.; Smart, A. T.; Hotchkiss,
S. A. Human skin absorption and metabolism of the contact allergens,
cinnamic aldehyde, and cinnamic alcohol. Toxicol. Appl. Pharmacol.
2000, 168 (3), 189−199.
(31) Cameron, A. R.; Anton, S.; Melville, L.; Houston, N. P.; Dayal,
S.; McDougall, G. J.; Stewart, D.; Rena, G. Black tea polyphenols
mimic insulin/insulin-like growth factor-1 signalling to the longevity
factor FOXO1a. Aging Cell. 2008, 7 (1), 69−77.
(32) Jarvill-Taylor, K. J.; Anderson, R. A.; Graves, D. J. A
hydroxychalcone derived from cinnamon functions as a mimetic for
insulin in 3T3-L1 adipocytes. J. Am. Coll. Nutr. 2001, 20 (4), 327−336.
(33) Chen, C.; Zhang, Y.; Huang, C. Berberine inhibits PTP1B
activity and mimics insulin action. Biochem. Biophys. Res. Commun.
2010, 397 (3), 543−547.
(34) Imparl-Radosevich, J.; Deas, S.; Polansky, M. M.; Baedke, D. A.;
Ingebritsen, T. S.; Anderson, R. A.; Graves, D. J. Regulation of PTP-1
and insulin receptor kinase by fractions from cinnamon: implications
for cinnamon regulation of insulin signaling. Horm. Res. 1998, 50 (3),
177−182.
(35) Bartke, A.; Chandrashekar, V.; Dominici, F.; Turyn, D.; Kinney, B.;
Steger, R.; Kopchick, J. J. Insulin-like growth factor 1 (IGF-1) and aging:
controversies and new insights. Biogerontology 2003, 4 (1), 1−8.
(36) Edmondson, S. R.; Thumiger, S. P.; Werther, G. A.; Wraight, C.
J. Epidermal homeostasis: the role of the growth hormone and insulin-
like growth factor systems. Endocr. Rev. 2003, 24 (6), 737−764.
(37) Bartke, A. Minireview: role of the growth hormone/insulin-like
growth factor system in mammalian aging. Endocrinology 2005,
146 (9), 3718−3723.
(38) Fu, H.; Park, J.; Pe,i, D. Peptidyl aldehydes as reversible covalent
inhibitors of protein tyrosine phosphatases. Biochemistry 2002, 41
(34), 10700−10709.
(39) Moran, E. J.; Sarshar, S.; Cargill, J. F.; Shahbaz, M. M.; Lio, A.;
Mjalli, A. M. M.; Armstrong, R. W. Radio frequency tag encoded
combinatorial library method for the discovery of tripeptide-
substituted cinnamic acid inhibitors of the protein tyrosine
phosphatase PTP1B. J. Am. Chem. Soc. 1995, 117 (43), 10787−10788.
(40) Koren, S.; Fantus, I. G. Inhibition of the protein tyrosine
phosphatase PTP1B: potential therapy for obesity, insulin resistance
and type-2 diabetes mellitus. Best Pract. Res. Clin. Endocrinol. Metab.
2007, 21 (4), 621−640.

Journal of Agricultural and Food Chemistry Article

dx.doi.org/10.1021/jf2043357 | J. Agric.Food Chem. 2012, 60, 1193−12001200


