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Effect of isopsoralen on Smad?7 in osteoblastic MC3T3-E1 cells
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Abstract. The primary pathological change in postmenopausal
osteoporosis (PM-OP) is bone collagen loss caused by estrogen
depletion. Osteoblasts synthesize type I collagen, which
composes the organic matrix of bone. Although isopsoralen
stimulates osteoblastic cell proliferation and differentiation,
transforming growth factor (TGF)-f1 is an important cell
signaling factor for stimulating collagen synthesis. To explore
the association between isopsoralen and the synthesis of
collagen in vitro, the molecular and biological association
between isopsoralen and TGF-f3 signaling was examined.
(CAGA) 12-luciferase-reporter gene was used to measure
TGF-p1 signaling activity. Type I collagen was detected by
semiquantitative reverse transcription polymerase chain reac-
tion, and mothers against decapentaplegic homolog 7 (Smad7)
protein expression levels were analyzed by western blotting.
The expression of collagen in MC3T3-El cells stimulated
with isopsoralen was significantly upregulated compared
with the control groups (P<0.05). Conversely, isopsoralen
significantly decreased Smad7 protein expression compared
with the control groups (P<0.05). Moreover, it was observed
that isopsoralen activates the TGF-f1 signaling pathway and
ultimately promotes collagen synthesis through inhibition of
Smad?7 protein expression. Therefore, isopsoralen is a potential
target for the treatment of PM-OP.

Introduction
Postmenopausal women are prone to develop postmeno-

pausal osteoporosis (PM-OP), which is caused by estrogen
deficiency after menopause (1). The primary pathologic
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change caused by PM-OP is bone collagen loss as a result of
estrogen depletion, which subsequently stimulates imbalanced
bone remodeling (2). Osteoblasts synthesize type I collagen,
which composes the primary organic matrix of bone (3).
Transforming growth factor (TGF)-f1 has an important role in
cell proliferation, differentiation and apoptosis, as well as bone
collagen synthesis (4). The TGF-f1 signaling pathway is initi-
ated by ligands that bind to TGF-f receptors, which activate
the transfer of intracellular mothers against decapentaplegic
homolog (Smad) proteins into the nucleus and transmit the
signal (5). Once TGF-f} receptors are activated by ligands
via the phosphorylation of Smad family members, TGF-f§
receptor type I (TPRI) initiates signal transmission (6). At
present, eight types of Smad proteins have been identified in
mammals (7) Smads are divided into three categories based on
their structure and function: Receptor-regulated Smads, which
include Smad2 and Smad3; common-mediator Smads, which
include Smad4; and inhibitory Smads, which include Smad6
and Smad7 (8,9). Increased TGF-f1 expression is accompa-
nied by increased Smad2, Smad3 and Smad4 expression, as
well as cell proliferation in in vitro cultured osteoblasts (10).
Research regarding Smad7 is comparatively limited. Type 1
collagen is an important gene for determining bone mineral
density and osteoporosis predisposition (11). Human bone
is primarily composed of collagen, which determines bone
strength and quality (12). Type I collagen is the most abundant
type of collagen found in bone and constitutes ~95% of the
entire collagen content of bone (13).

Osteoblasts are a vital type of cells in bone tissue and
are important for the maintenance of normal bone mass and
bone formation. The function of osteoblasts is associated with
proliferation, differentiation and mineralization in the bone
formation process and in alternative bone structure-associated
processes (14). Osteoblast proliferation and type I collagen
secretion may be either increased or reduced through the
TGF-B/Smad signaling pathway (10). Smad7 is an important
factor in the negative feedback loop of the TGF-f/Smad
signaling pathway and has an inhibitory effect on TGF-p,
activin and the bone morphogenetic protein signaling
pathway (15).

A previous study has demonstrated thatinadequate secretion
of ovarian hormones is the primary cause of osteoporosis (16).
A number of studies have suggested that the inhibitory
mechanism of estrogen in osteoporosis occurs through the
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proliferation of osteoblasts and the promotion of collagen
secretion (17-19). Phytoestrogens exist in a large variety of
plants and are structurally similar to estrogen (20) Previous
studies have demonstrated that phytoestrogens improve and
protect mineralized skeletal bone remodeling (21,22). Fructus
Psoraleae, which is the fruit of Psoralea corylifolia L., is a
principal traditional Chinese medicine and is included in the
Chinese Pharmacopoeia (23,24). Isopsoralen is a derivative of
Fructus Psoraleae and is considered one of the active compo-
nents of the herb (25). Psoralen exhibits estrogenic activity that
significantly promotes MCF-7 cell proliferation (26).

Isopsoralen is the active ingredient of psoralen, and the
present study examined the effect of isopsoralen on pre-osteo-
blasts. Isopsoralen is a type of phytoestrogen that promotes
cultured MC3T3-ElI cell proliferation and differentiation (27).
However, at present, the underlying mechanisms by which
isopsoralen promotes the TGF-f3 signaling pathway in osteo-
blasts in vitro has not been reported. The present study aimed
to observe the effect of different concentrations of isopsoralen
on MC3T3-EI cell viability, TGF-f1 reporter gene activity and
type I collagen and Smad7 protein expression. Additionally, the
mechanism by which the phytoestrogen, isopsoralen, prevents
and treats primary osteoporosis was investigated. The results
of the present study reveal the mechanisms of the functional
estrogen-like effects of isopsoralen and have applications to
clinical gynecological medicine, particularly for postmeno-
pausal women with osteoporosis.

Materials and methods

Experimental cells. Murine pre-osteoblast cells (MC3T3-El)
were cultured in DMEM (Hyclone; GE Healthcare Life
Sciences, Logan, UT, USA) supplemented with 10% fetal
bovine serum (FBS; Hyclone; GE Healthcare Life Sciences)
in an atmosphere containing 5% CO, at 37°C. MC3T3-El
were purchased from the Cell Center of the Institute of Basic
Medical Sciences Chinese Academy of Medical Sciences
(Beijing, China).

Primary reagents and drugs. Isopsoralen was obtained from
the National Institutes for Food and Drug Control (Beijing,
China). Dulbecco's modified Eagle's medium (DMEM) and
FBS were purchased from Hyclone (GE Healthcare Life
Sciences). The following reagents were also utilized: RNA
extraction reagent and TRIzol reagent (both from Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA);
GoldView nucleic acid stain (Promega Corp., Madison, WI,
USA); diethylpyrocarbonate (DEPC) water, 6X DNA loading
buffer and 5X Tris-acetate-EDTA solution (SBS Genetech
Co., Ltd., Beijing, China); upstream and downstream primers
(Invitrogen; Thermo Fisher Scientific, Inc.); M-MLV reverse
transcriptase (200 U/ul), M-MLVRT 5X reaction buffer
and RNA enzyme inhibitors (all from Promega Corp.); Taq
DNA polymerase 3 U/ul, 10X reaction buffer (with MgCl,),
and 10 mM dNTPs (pH 7.5; all from Takara Biotechnology
Co., Ltd., Dalian, China); and isopropyl alcohol, chloroform,
anhydrous ethanol (analytically pure), streptomycin sulfate,
penicillin, (all from Beyotime Institute of Biotechnology,
Haimen, China). Anti-Smad7 (sc-11392) and anti-GAPDH
(sc-365062) antibodies were purchased from Santa Cruz
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Biotechnology, Inc. (Dallas, TX, USA). Polyclonal horseradish
peroxidase-conjugated goat anti-rabbit (ZB-2308) and rabbit
anti-mouse (ZB-2305) immunoglobulins were obtained from
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.
(Beijing, China).

Cell viability assay. The effect of isopsoralen on
MC3T3-El cell viability was detected by the MTT method.
MC3T3-El cells were seeded in 96-well plates at density of
~3x10°? cells/well. When cells adhered to the plate, serum-free
DMEM was added and the cells were incubated at 37°C in
a humidified atmosphere containing 5% CO, for 24 h. After
24 h in serum-free culture medium, cells were cultured
in DMEM with 10% FBS containing 0, 0.1, 0.01, 0.001 or
0.0001 uM isopsoralen for 72 h at 37°C in an atmosphere
containing 5% CO,. Subsequently, 4 mg/ml MTT solution in
PBS was added to each well. Following incubation for 4 h at
37°C with 5% CO,, dimethyl sulfoxide was added to each well
to dissolve the formazan crystals. MTT reduction was deter-
mined by measuring the absorbance of each well at 490 nm
using a microplate spectrophotometer (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Luciferase reporter gene assay. (CAGA)12-Luc-reporter
plasmid along with an internal control (pRL-TK vector;
Promega Corporation) were transfected into HEK293T cells
using Vigofect (Vigorous Inc., Beijing, China), according
to the manufacturer's instructions. After 24-h transfection,
HEK?293T were stimulated with different concentrations (0,
0.1, 0.01, 0.001 or 0.0001 M) of isopsoralen. Isopsoralen
stimulation lasted for 12 h and then reporter activity was deter-
mined by the Dual-Luciferase Assay System (Vigorous Inc.).
The Luciferase activity was measured using a Luminescence
Counter Top Count NXT (Packard Instrument Company, Inc.,
Meriden, CT, USA). Firefly luciferase activity was normalized
against Renilla luciferase activity.

Cell grouping. A total of 2x10° cells were transferred into five
plates (60-mm cell culture dishes). Waste liquid was aspirated
from each plate when the cells reached 60% confluence.
Subsequently, 3 ml DMEM supplemented with 10% FBS
and penicillin (100 U/ml) and streptomycin (100 U/ml) was
added and all cells were incubated in an incubator at 37°C
in an atmosphere containing 5% CO,. Synchronization was
performed for 24 h to cause cell quiescence at the GO stage.
The cells in each plate were divided into the following five
groups: The control (0 #M isopsoralen), 0.1 xM (0.1 uM isop-
soralen), 0.01 ¥M (0.01 M isopsoralen), 0.001 yM (0.001 M
isopsoralen) and 0.0001 M (0.0001 M isopsoralen) groups.
The control group was cultured in DMEM medium supple-
mented with 10% FBS. The other 4 groups were cultured in
DMEM supplemented with 10% FBS containing the respec-
tive concentrations of isopsoralen. Each group was incubated
at 37°C with 5% CO,. Each group of cells were stimulated
by isopsoralen for 72 h in a 60-mm plastic dish and then the
total RNA and protein were extracted and used for RT-PCR or
western blotting.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total cellular RNA was prepared from MC3T3-El cells using
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TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.).
The concentration and purity of total RNA were evaluated
by measuring the 260/280 nm ratios from the cells following
72-h incubation at 37°C with 5% CO,. Total RNA (5 pug) was
denatured at 70°C for 5 min and then rapidly chilled on ice.
Each RT reaction mixture contained 5 pug total RNA, 1 ul
oligo (dT) 15 primer (SBS Genetech Co., Ltd., Beijing, China),
1 ul ANTPs, 4 ul 5X M-MLYV buffer, 1 ul RNA enzyme inhibi-
tors and 20 ul DEPC water. The reaction mixture was mixed
by centrifugation at 300 x g for 5 sec, incubated at 42°C for
60 min, then at 95°C for 5 min, cooled on ice for 5 min and
stored at -20°C. The final reaction mixture for cDNA PCR
included 36.5 ul DEPC water, 5 ul 10X reaction buffer, 2 ul
upstream and downstream primers of each target, 1 ul dNTPs,
3 ul reverse transcription product and 0.5 ul Taq DNA poly-
merase (3 U/ul). The above reaction solution was incubated in
a PCR machine, and the following PCR reaction conditions
were employed: 94°C for 5 min; 28 cycles of 94°C for 30 sec,
59°C for 30 sec and 72°C for 45 sec; followed by 10 min
at 72°C. The primers used for PCR amplification were as
follows: Type 1 collagen forward, 5'-GACGCCATCAAGGTC
TACTG-3' and reverse, 5~ ACGGGAATCCATCGGTCA-3'
(product size 154 bp) and GAPDH forward, 5'-GCATTGTGG
AAGGGCTCA-3' and reverse, 5-GGGTAGGAACACGGA
AGG-3' (product size 207 bp) (28). The above primers were
synthesized by Invitrogen (Thermo Fisher Scientific, Inc.).
Experiments were performed in triplicate and GAPDH was
considered the internal reference.

Semi-quantitative analysis of the amplification product. The
PCR products (10-¢1 volume for each product) were analyzed
by 1% agarose gel electrophoresis and stained with GoldView.
The optical density of the electrophoretic bands was scanned
using an (Alphalmager 1220; Alpha Innotech, San Leandro,
CA, USA). The ratio of the electrophoretic band optical density
of collagen and of GAPDH were obtained to determine the
relative mRNA expression level.

Western blot analysis. Total protein was extracted from the
cells following 72-h incubation at 37°C with 5% CO,.To extract
the cytoplasmic protein, 200 pl cytosolic lysate was added to
each culture and cultures were placed on ice for 30 min. Cells
were detached with a cell scraper, transferred into a pre-cooled
Eppendorf (EP) tube and centrifuged at 8,000 x g for 10 min
at 4°C. The supernatant was immediately transferred into a
pre-cooled EP tube and mixed with an equal volume of buffer
solution. The sample was subsequently boiled at 100°C for
10 min and then stored at -20°C. A total of 10 ul supernatant
was used to determine the lysate protein concentration via the
BCA kit (Beyotime Institute of Biotechnology) and the rest of
supernatant was stored at -80°C.

Aliquots of denatured protein liquid (30 ug) were loaded
and separated by SDS-PAGE (10% separation gel, 4%
concentrated gel). The proteins from the gel were then blotted
onto a nitrocellulose membrane (EMD Millipore, Billerica,
MA, USA). The membrane was then incubated overnight at
4°C. Anti-Smad7 (1:500-1,000; sc-11392) and anti-GAPDH
(1:1,000; sc-365062) primary antibodies were added to the
blots and incubated at 4°C overnight. Once the membrane
was washed three times for 10 min each time in Tris-buffered
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saline with Tween-20 (TBST), secondary antibodies poly-
clonal horseradish peroxidase-conjugated goat anti-rabbit
(ZB-2308) and goat anti-mouse immunoglobulins (ZB-2305;
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.)
were subsequently added and the membrane was incubated
at 37°C for 1 h. The membrane was washed again using the
1X TBST buffer for 10 min three times and then stained with
enhanced chemiluminescence reagent (Amersham Biosciences
Corp., Piscataway, NJ, USA), and exposed to X-ray film.
Image J analysis software 1.42q (National Institutes of Health,
Bethesda, MA, USA) was used to conduct the image analysis.

Statistical analysis. Data are presented as mean + standard
error. Three independent biological repeats were performed
for each treatment. Single factor variance analysis was used
to analyze all experimental data via the statistical software
package SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05
was considered to indicate a statistically significant difference.

Results

Detection of the effect of isopsoralen on MC3T3-El cell
viability using the MTT method. MTT assay revealed that
MC3T3-El1 cell viability exhibited a dose-dependent increase
with decreasing isopsoralen concentrations and that MC3T3-E1
cell viability was significantly increased following treatment
with 0.01,0.001 and 0.0001 M isopsoralen compared with the
control group (P<0.05; Fig. 1).

Effect of isopsoralen on the relative luciferase activity of the
TGF-B1 reporter gene. Compared with the control group, 0.01,
0.001 and 0.0001 uM isopsoralen treatment was capable of
significantly increasing luciferase activity and activating the
TGF-p1 reporter gene (P<0.05; Fig. 2). There was no signifi-
cant difference between 0.01,0.001 and 0.0001 M isopsoralen
treatment groups on the relative luciferase activity (Fig. 2).

Effect of isopsoralen on type I collagen mRNA expression
levels in pre-osteoblast cells. RT-PCR assays revealed the
effect of isopsoralen on MC3T3-El cells after 72 h compared
with the control group. Doses of 0.01, 0.001 and 0.0001 M
isopsoralen significantly promoted type I collagen mRNA
expression levels in MC3T3-El1 cells after 72 h of stimulation
compared with the control group (P<0.05; Fig. 3).

Effect of isopsoralen on Smad7 protein expression levels in
pre-osteoblast cells. Western blot analysis results revealed
that, after MC3T3-E1 cells were treated with various concen-
trations of isopsoralen for 72 h, Smad7 protein expression
levels were significantly decreased following treatment with
0.01, 0.001 and 0.0001 M isopsoralen compared with the
control group (P<0.05; Fig. 4).

Discussion

Estrogen protects bones by promoting calcitonin secretion,
inhibiting bone resorption, facilitating intestinal calcium
absorption and accelerating bone proliferation (29). A previous
study indicated that hip fractures caused by PM-OP are associ-
ated with aging and declining levels of estrogen, with declining
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Figure 1. Effect of isopsoralen on MC3T3-El cell viability. MC3T3-El

cell viability was determined after incubation with 0, 0.1, 0.01, 0.001 or
0.0001 uM isopsoralen for 72 h. Absorbance was detected at 490 nm. "P<0.05

vs. control group. OD, optical density.
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Figure 2. Effect of isopsoralen on TGF-f} reporter gene activity. TGF-f1
reporter gene activity was determined after incubation with 0,0.1,0.01,0.001
or 0.0001 uM isopsoralen. "P<0.05 vs. control group. TGF, transforming
growth factor.

estrogen levels being the primary cause (30). Hormone replace-
ment therapy (HRT) has a positive effect on treating PM-OP,
as shown by years of clinical practice (31-33). Some older
women are administered long-term estrogen to protect against
osteoporosis (34,35). Currently, estrogen replacement therapy
is an effective method for treating PM-OP. However, estrogen
is not suitable for all postmenopausal women and long-term
application of estrogen may result in increased risks of high
blood coagulation status, high blood pressure, edema, breast
cancer and endometrial cancer (36). Studies have demonstrated
that the use of HRT for >5 years can significantly increase the
mortality rate of breast cancer (37). Some patients with breast
cancer who receive aromatase inhibitor therapy are more
vulnerable to osteoporosis symptoms; therefore, the use of
hormones for treating osteoporosis in such patients should be
avoided (38). As a result, HRT administration should be limited
to the shortest possible duration and alternatives to HRT should
be used to treat menopausal syndromes (39). Consequently, the
identification of natural agents with minimal side effects is a
novel and exciting field for the treatment of PM-OP.

The imbalance of bone formation and resorption is an
important reason for the occurrence of PM-OP that is caused
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0.01 M isopsoralen group; 4, 0.001 M isopsoralen group; 5, 0.0001 yM
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by decreased estrogen levels. This results in a decrease in
TGF-f1 in postmenopausal women, which may predispose
these women to osteoporosis and to delayed wound repair (40).
TGF-P1 has crucial roles in osteoblast proliferation and differ-
entiation, as well as in matrix production (41). Previously,
TGF-p1 was injected into rat periosteum and was indicated
to improve the formation of new bone (42). The uncoupling of
bone resorption and formation caused by decreased estrogen
levels is associated with alterations in TGF-f1 and its signaling
pathway in bone tissue (43,44). The CAGA box is essential
and sufficient for TGF-f signal induction and CAGA elements
are widely used motifs in TGF-3-regulated transcription (45).
The present study demonstrated that specific concentrations
of isopsoralen significantly increased TGF-f1 reporter gene
luciferase activity. The mechanism by which isopsoralen
stimulates TGF-fB1 cell signaling has not been investigated,;
however, its mechanism may be attributed to the similarity of
the structure of phytoestrogens to that of mammalian estrogen
and to the estrogenic activities of phytoestrogens (46). The
ability of estrogen to induce an increase TGF-f1 expression
has been reported previously (40,47).

Phytoestrogens are a group of plant-derived substances
that are structurally and functionally similar to estradiol and
are able to bind to the estrogen receptor and elicit estrogenic
activities (48,49). Considering these factors, it is possible that
phytoestrogens may be an alternative to postmenopausal HRT
that may ameliorate discomfort and increased risk of disease.
Isopsoralen is a type of phytoestrogen and may therefore
function by binding to the estrogen receptor, thus promoting

TGF-p1 formulation and stimulating the TGF-f1 signaling
pathway. However, few studies have examined the effect of
isopsoralen on the TGF-f1 signaling pathway and collagen
secretion in osteoblasts. Smad7 is an important inhibitory
factor in the downstream transmission path of TGF-f3 signaling
pathways in osteoblasts (50). Smad7 binds with the activated
TPRI receptor and induces biological inhibition (51), which
is an important mechanism for various drug treatments of
osteoporosis that function by altering the expression of related
factors in the TGF-f3 signaling pathway in bone tissue (52,53).
Previous studies have demonstrated that estrogen has impor-
tant effects on TGF-f1 expression in bone tissue and promotes
a series of changes in osteoblast proliferation at the molecular
biological level. Increased bone collagen secretion in addi-
tion to other changes maintain the relative stability of the
bone mass (40,47). The present study showed that at specific
concentrations, isopsoralen significantly increased osteoblast
viability, decreased Smad7 expression, which promoted
TGF-f signaling and increased collagen synthesis. Thus,
isopsoralen may be a potential agent for improving imbal-
ances of collagen metabolism in PM-OP. In conclusion, the
present study demonstrated that phytoestrogen isopsoralen
promotes TGF-f signaling pathway transduction by inhibiting
Smad7 protein expression and increasing type I collagen
secretion (Fig. 5). Therefore, isopsoralen may be useful in the
treatment of PM-OP. The present study provides the scientific
basis of the molecular mechanisms by which isopsoralen acts
as a type of phytoestrogen. The present findings indicate that
isopsoralen may be used to treat PM-OP and may contribute to
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the research and development of novel agents for the treatment
of PM-OP.
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