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Abstract Insulin-like growth factor I (IGF-I) is expressed
in many tissues, including bone, and acts on the prolifer-
ation and differentiation of osteoblasts as an autocrine/
paracrine regulator. Tight-junction proteins have been

detected in osteoblasts, and direct cell-to-cell interactions
may modulate osteoblast function with respect, for exam-
ple, to gap junctions. In order to investigate the regulation
of expression of tight-junction molecules and of function
during bone differentiation, osteoblast-like MC3T3-E1 cells
and osteocyte-like MLO-Y4 cells were treated with IGF-I.
In both MC3T3-E1 cells and MLO-Y4 cells, the tight-
junction molecules occludin, claudin-1, -2, and -6, and the
gap-junction molecule connexin 43 (Cx43) were detected
by reverse transcription with polymerase chain reaction. In
MC3T3-E1 cells but not MLO-Y4 cells, mRNAs of
claudin-1, -2, and -6, Cx43, and type I collagen, and
proteins of claudin-1 and Cx43 were increased after
treatment with IGF-I. Such treatment significantly de-
creased paracellular permeability in MC3T3-E1 cells. The
expression of claudin-1 in MC3T3-E1 cells after IGF-I
treatment was mainly upregulated via a mitogen-activated
protein (MAP)-kinase pathway and, in part, modulated by a
PI3-kinase pathway, whereas Cx43 expression and the
mediated gap-junctional intercellular communication pro-
tein did not contribute to the upregulation. Furthermore, in
MC3T3-E1 cells during wound healing, upregulation of
claudin-1 was observed together with an increase of IGF-I
and type I collagen. These findings suggest that the
induction of tight-junction protein claudin-1 and para-
cellular permeability during the differentiation of osteoblast-
like MC3T3-E1 cells after treatment with IGF-I is regulated
via a MAP-kinase pathway, but not with respect to gap
junctions.
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Introduction

Direct cell-to-cell interactions through cadherin-based
adherens junctions and communicating junctions, viz.,
gap junctions, may modulate osteoblast function by
regulating the abundance or movements of signaling
molecules or transcriptional factors (Stains and Civitelli
2005). Furthermore, tight-junctional structures coexist
with gap-junctional structures between osteoblasts in early
osteogenesis (Soares et al. 1992; Arana-Chavez et al.
1995). The tight junctions in osteoblasts may be important
for covering the inactive surface of mineralized bone and
separating it from the extracellular space and for the
polarized trafficking of bone matrix proteins toward the
bone surface. However, the mechanism of regulation of
the expression and function of tight junctions in osteo-
blasts remains unknown.

Tight junctions are the apicalmost components of
intercellular junctional complexes in epithelial and
endothelial cells. The barrier function of tight junctions
regulates the passage of ions, water, and small mole-
cules through paracellular spaces. The fence function of
tight junctions prevents intermixing of molecules in the
apical membrane with those in the basolateral mem-
brane and maintains cell polarity. Therefore, tight
junctions are considered to be essential for the devel-
opment and maintenance of multicellular organisms
(Tsukita et al. 2001; D’Atri and Citi 2002; Balda and
Matter 2003; Schneeberger and Lynch 2004). Tight
junctions are formed by the integral membrane proteins
claudins, occludin, junctional adhesion molecules (JAMs),
and tricellulin, and by many peripheral membrane proteins,
including the scaffold proteins ZO-1, ZO-2, and ZO-3,
plus MAGI-1 and cell polarity molecules ASIP/PAR-3,
PAR-6, and atypical protein kinase C (Tsukita et al. 2001;
Tsukita and Furuse 2002; Sawada et al. 2003; Schneeberger
and Lynch 2004; Ikenouchi et al. 2005). Occludin was
the first reported integral membrane protein of tight
junctions and is the most ubiquitously expressed at the
apicalmost membranes (Furuse et al. 1993). Occludin-
deficient mice display thinning of the compact bone
without any abnormalities of serum levels of Ca2+, PO4

2−,
or parathyroid hormone (Saitou et al. 2000). The claudin
family, consisting of 24 members, is solely responsible for
forming tight-junction strands and shows tissue- and cell-
specific expression of individual members (Tsukita et al.
2001). Recently, claudin-1, -2, and -3 and occludin have
been reported to be expressed in osteoblasts (Prêle et al.
2003). Furthermore, rat osteoblasts express mRNAs of
claudin-1 to -12, -14 to -20, and -22 and -23 (Wongdee et
al. 2008).

Gap-junction channels, composed of proteins termed
connexins (Cx), mediate the reciprocal exchange of ions

and small molecules of less than 1000 Da, including second
messengers such as cyclic AMP, IP3, and Ca2+ between
neighboring cells (Sáez et al. 1986, 1989; Kumar and
Gilula 1996; Kojima et al. 2001, 2003). Gap-junctional
intercellular communication (GJIC) is thought to play an
important role in development, cell growth, and cell
differentiation (Loewenstein 1979; Bennett et al. 1991;
Berthoud et al. 1992; Yamasaki and Naus 1996; Trosko and
Ruch 1998). Cx43, Cx45, and Cx46 are expressed in bone
cells (Schiller et al. 1992; Schirrmacher et al. 1992; Civitelli
et al. 1993; Steinberg et al. 1994). In osteoblastic cells,
expression of Cx43 and the mediated GJIC contribute to the
expression of osteoblastic differentiation markers, alkaline
phosphatase activity, osteocalcin, osteopontin, and core
binding factor α1 (Cbfa1; Li et al. 2006). Gap junctions
may be closely associated with tight junctions (Kojima et
al. 2003; Giepmans 2004). Some Cx can induce and
maintain tight junctions in both a GJIC-dependent and
GJIC-independent manner in epithelial cells (Kojima et al.
2007). Cx32 expression and the mediated GJIC can induce
the expression of claudin-1 and its function in hepatocytes
(Kojima et al. 2002). Cx26 expression can induce expres-
sion of claudin-14 and claudin-4 in the cell lines Calu-3 and
Caco-2, respectively (Morita et al. 2004; Go et al. 2006).
However, interaction between Cx and integral membrane
tight-junction proteins in osteoblasts remains unclear.

Insulin-like growth factor-I (IGF-I) is generally known
to play an essential role in anabolic regulation of bone
metabolism (Canalis 1993; Conover 2000; Olney 2003).
Patients with Laron syndrome, caused by IGF-I deficiency,
exhibit growth retardation and osteoporosis (Laron et al.
1999). In vitro, IGF-I induces the proliferation and
differentiation of osteoblastic cells (McCarthy et al. 1989;
Canalis 1993; Farquharson et al. 1993; Zhang et al. 1999).
In osteoblast-like MC3T3-E1 cells, IGF-I stimulates the
activity of alkaline phosphatase via mitogen-activated
protein (MAP)-kinase and PI3-kinase pathways (Noda et
al. 2005; Hanai et al. 2006). IGF-I induces the activity of
Cbfa1 via a MAP-kinase pathway in MC3T3-E1 (Pei et al.
2003). Furthermore, IGF-I acts as a signal for osteoblast
mitogenesis and survival through parallel PI3-kinase and
MAP-kinase pathways (Grey et al. 2003).

In the present study, in order to investigate the
regulation of the expression of tight-junction molecules
and their functions during bone differentiation, osteoblast-
like MC3T3-E1 cells and osteocyte-like MLO-Y4 cells
were treated with IGF-I. In MC3T3-E1 cells, but not
MLO-Y4 cells, IGF-I induced the expression in mRNAs
of claudin-1, -2, -6, Cx43, and type I collagen and
decreased paracellular permeability. The induction of
claudin-1 in MC3T3-E1 cells after treatment with IGF-I
was regulated via a MAP-kinase pathway and, in part,
modulated by a PI3-kinase pathway.
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Materials and methods

Cytokine, inhibitors, and antibodies

Murine IGF-I was purchased from PeproTech, (London,
UK). A MAP-kinase inhibitor (PD98059), p38 MAP-kinase
inhibitor (SB203580), PI3-kinase inhibitors (LY294002 and
wortmannin), and protein kinase C inhibitor (GF109203)
were purchased from Calbiochem-Novabiochem (San
Diego, Calif.). Rabbit polyclonal antibodies to occludin,
claudin-1, -2, -6, Cx43, and ZO-1 were obtained from
Zymed Laboratories (San Francisco, Calif.). Rabbit poly-
clonal anti-phospho-MAPK and anti-Akt antibodies and a
mouse monoclonal phospho-Akt antibody were purchased
from Cell Signaling (Beverly, Mass.). A rabbit polyclonal
anti-ERK 1/2 antibody was purchased from Promega
(Madison, Wis.). A rabbit polyclonal anti-actin antibody
and GJIC blocker 18β-glycyrrhetinic acid (18β-GA) were
obtained from Sigma (St. Louis, Mo.). Alexa 488 (green)-
conjugated anti-rabbit IgG and Alexa 592 (red)-conjugated
anti-rabbit IgG were purchased from Molecular Probes
(Eugene, Ore.). Horseradish-peroxidase (HRP)-conjugated
anti-mouse IgG and HRP-conjugated anti-rabbit IgG were
purchased from DAKO (Denmark). The enhanced chemi-
luminescence (ECL) Western blotting system was obtained
from Amersham (Buckinghamshire, UK). 14C-mannitol and
14C-inulin were purchased from Amersham Pharmacia
Biotech (Piscataway, N.J.).

Cell culture and treatment

Murine osteoblast-like MC3T3-E1 cells (obtained from
Dr. Kenneth J. McLeod, SUNY, Stony Brook) were cultured
in α-MEM medium (GIBCO-BRL, Grand Island, N.Y.) with
5% fetal bovine serum (FBS, Cansera International, Ontario,
Canada), 100 U/ml penicillin (GIBCO-BRL), and 100 μg/ml
streptomycin (GIBCO-BRL). Murine osteocyte-like MLO-
Y4 cells (obtained from Dr. Lynda F. Bonewald, University
of Texas Health Science Center) were cultured in α-MEM
medium with 10% FBS, 2.5% calf serum (GIBCO-BRL),
100 U/ml penicillin, and 100 μg/ml streptomycin. These
cells were placed in a 5% CO2:95% air incubator at 37°C,
grown to confluence, and treated with IGF-I for 24 h after
pretreatment with α-MEM medium containing 0.1% bovine
serum albumin (Sigma) without FBS for 18 h. The MC3T3-
E1 cells were pretreated with the inhibitors at 30 min before
treatment with IGF-I for 24 h.

RNA isolation and reverse transcription with polymerase
chain reaction

Total RNA was extracted and purified by using Trizol
(GIBCO-BRL). For reverse transcription with polymerase

chain reaction (RT-PCR), 1 μg of total RNA was reverse-
transcribed (RT) into cDNA with a mixture of oligo (dT)
and SuperScript II reverse-transcriptase under the recom-
mended conditions (Invitrogen, Carlsbad, Calif.). Each
cDNA synthesis was performed in a total volume of 20 μl
for 50 min at 42°C and was terminated by incubation for
15 min at 70°C. RT-PCR was performed by using 1 μl of
the 20-μl total RT product, PCR buffer, dNTPs, and Premix
Taq DNA polymerase under the manufacturer’s recommen-
ded conditions (Takara, Shiga, Japan). Conditions applied
for PCR were 96°C for 30 s, 25 or 30 cycles of 96°C for
15 s, 55°C for 30 s, 72°C for 1 min, and 72°C for 7 min on
a Perkin Elmer/Cetus Thermocycler Model 2400. Of the
20 μl total PCR, 10 μl was analyzed by electrophoresis in
ethidium-bromide-impregnated 1% agarose gel. Primers
used to detect type I collagen, osteopontin, osteocalcin,
occludin, claudin-1, -2, -3, -4, -5, -6, -7, -8, Cx43, and
glucose-3-phosphate dehydrogenase (G3PDH) are indicated
in Table 1.

Western blot analysis

Cultures in 60-mm dishes were washed with phosphate-
buffered saline (PBS) twice, and 300 μl buffer (1 mM
NaHCO3, 2 mM phenylmethylsulfonyl fluoride [PMSF])
was added. The cells were scraped and collected in
microcentrifuge tubes and then sonicated for 10 s. The
protein concentrations of the samples were determined by
using a BCA Protein Assay Reagent Kit (Pierce Chemical,
Rockford, Ill., USA). Aliquots of 15 μg protein/lane for
each sample were separated by electrophoresis in 4%/20%
SDS-polyacrylamide gels (SDS-PAGE; Daiichi Pure
Chemicals, Tokyo, Japan). After electrophoretic transfer
to nitrocellulose membranes (Bio-Rad Laboratories,
Hercules, Calif.), these membrane were saturated for
30 min at room temperature with blocking buffer (25 mM
TRIS pH 8.0, 125 mM NaCl, 0.1% Tween 20, 4% skim
milk) and incubated with polyclonal anti-claudin-1, poly-
clonal anti-claudin-2, polyclonal anti-claudin-6, polyclonal
anti-Cx43, polyclonal anti-ZO-1, polyclonal anti-
phospho-MAPK, polyclonal anti-ERK1/2, monoclonal anti-
phospho-Akt, polyclonal anti-Akt, or polyclonal anti-actin
antibodies at room temperature for 1 h. The membranes
were incubated with HRP-conjugated anti-rabbit or HRP-
conjugated anti-mouse IgG (Dako, Tokyo, Japan) at room
temperature for 1 h. The immunoreactive bands were detected
by using an ECL Western blotting system (Amersham,
Buckinghamshire, UK).

Immunoprecipitation

The dishes were washed with PBS twice, and 300 μl NP-
40 lysis buffer (50 mM TRIS-HCl, 2% NP-40, 0.25 mM
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Na-deoxycholate, 150 mM NaCl, 2 mM EGTA, 0.1 mM
Na3VO4, 10 mM NaF, and 2 mM PMSF) was added to 60-
mm dishes. The cells were scraped and collected in
microcentrifuge tubes and then sonicated for 10 s. Cell
lysates were incubated with protein A-Sepharose CL-4B
(Pharmacia LKB Biotechnology, Uppsala, Sweden) for 1 h
at 4°C and then clarified by centrifugation at 15,000g for
10 min. The supernatants were incubated with polyclonal
anti-claudin-1 or polyclonal anti-Cx43 antibodies bound
to protein A-Sepharose CL-4B overnight at 4°C. After
incubation, immunoprecipitates were washed extensively
with the same lysis buffer and used for Western blot
analysis.

Immunofluorescence microscopy

For immunocytochemistry, cells grown on glass cover-
slips, which were coated with rat tail collagen (500 μg
dried tendon/ml in 0.1% acetic acid), were fixed with an
ethanol and acetone mixture (1:1) or acetone at −20°C
for 10 min. After the samples were rinsed with PBS,
they were incubated with polyclonal anti-claudin-1 and
anti-Cx43 antibodies as primary antibodies at room
temperature for 1 h and then with the secondary
antibodies, Alexa 488 (green)-conjugated and Alexa
592 (red)-conjugated anti-rabbit IgG, at room tempera-
ture for 1 h. The specimens were examined by using a
laser-scanning confocal microscope (MRC 1024; Bio-
Rad, Hercules, Calif.). Phase-contrast photomicrographs
were taken with a Zeiss Axiovert 200 inverted microscope.

Freeze-fracture analysis

For freeze-fracture analysis, cells grown on 60-mm dishes
were centrifuged into pellets and then immersed in 40%
glycerin solution after fixation in 2.5% glutaraldehyde in
0.1 M PBS (pH 7.3). The specimens were mounted on a
copper stage, frozen in liquid nitrogen, fractured at −150°C
to −160°C, and replicated by platinum/carbon from an
electron beam gun positioned at a 45° angle, followed by
carbon applied from overhead in a JFD-7000 freeze-
fracture device (JEOL, Tokyo, Japan). After the replicas
were thawed, they were floated on filtered 10% sodium
hypochlorite solution for 10 min in a Teflon dish. Replicas
were washed in distilled water for 30 min, mounted on
copper grids, and examined at 80 kV by using a JEOL
1200EX transmission electron microscope (JEOL, Tokyo,
Japan).

Measurement of transepithelial electrical resistance

Cells were cultured to confluence on 12-mm Transwell
filters of 0.4 μm pore size (Corning, N.Y.) coated with rat
tail collagen. Transepithelial electrical resistance (TER) was
measured by using an EVOM voltammeter with an
ENDOHM-12 (World Precision Instruments) on a heating
plate (Fine, Tokyo, Japan) adjusted to 37°C. Values were
expressed in standard units of ohms per square centimeter
and presented as the mean ± SE. For calculation, the
resistance of blank filters was subtracted from that of filters
covered with cells.

Table 1 Primers for PCR

Gene Forward primer Reverse primer Product
size
(bp)

Type I collagen AATGGTGAGACGTGGAAACCCGAG CGACTCCTACATCTTCTGAGTTTGG 184
Osteopontin GACCATGAGATTGACAGATTTG TGATGTTCCAGGCTGCCAGAGTTTG 765
Osteocalcin GACAAAGCCTTCATGTCCAAGC AAAGCCGCTGCCAGAGTTTG 240
Occludin TCAGGGAATATCCACCTATCACTTCAG CATCAGCAGCAGCCATGTACTCTTCAC 136
Claudin-1 TCTAGAAAGAGCCATGGCCAACG TCTAGATCACACATAGTCTTTCCCAC 619
Claudin-2 GCTCTAGAGGTCTGCCATGGCCTC GCTCTAGATCACACATACCCAGTC 546
Claudin-3 TCTAGAGCCGCCACCATGTCCATGGGCCTG TCTAGATCAGACGTAGTCCTTGCGG 511
Claudin-4 GCTCTAGAGCCGCCACCATGGCGTCTATG GCTCTAGATCACACATAGTTGCTGGC 430
Claudin-5 GAATTCGCCGCCACCATGGGGTCTGCAGCGTTG GAATTCTCAGACATAGTTCTTCTTGTCGTAATCG 612
Claudin-6 TCTAGAGCCGCCACCATGGCCTCTACTGG TCTAGATCACACATAATTCTTGGTGGG 522
Claudin-7 TCTAGAGCCGCCACCATGGCCAACTCGGG TCTAGATCACACGTATTCCTTGGAGG 496
Claudin-8 TCTAGAGCCGCCACCATGGCAACCTACGCC TCTAGATCACACATACTGACTTTTGG 610
Connexin 43 TACCACGCCACCACTGGC AATCTCCAGGTCATCAGG 407
Glucose-3-
phosphate
dehydrogenase

ACCACAGTCCATGCCATCA TCCACCACCCTGTTGCTGTA 452
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Measurement of paracellular flux

Cells were cultured to confluence on 12-mm Transwell
filters of 0.4 μm pore size, and 14C-inulin (MW 5 kDa)-
containing or 14C-mannitol (MW 182 Da)-containing
medium was added to the inner chamber after 1 mM
unlabeled substrates were added to the medium in the inner
and the outer chambers. Samples were collected from the
outer chamber at 120 min and were measured with a liquid
scintillation counter (Beckman LS-6500). The results were
expressed as clearance per h per sequence centimeter
(inulin, pmol/h per cm2; mannitol, nmol/h per cm2).

Wound-healing model

MC3T3-E1 cells were grown on 60-mm dishes to conflu-
ence and were scratched with a plastic pipette tip. At 6 h,
24 h, and 48 h after scrape wounding, the cells were used
for immunocytochemistry and RT-PCR.

Data analysis

Signals were quantified by using Scion Image Beta 4.02
Win (Scion, Frederick, Mich., USA). Each set of results
shown is representative of three separate experiments.
Results are given as means ± SE. Differences between
groups were tested by the two-tailed Student’s t-test for
unpaired data.

Results

Expression of tight-junction molecules and Cx43
in MC3T3-E1 and MLO-Y4 cells

To examine the difference in the expression of tight-
junction molecules and Cx43 between osteoblasts and
osteocytes, RT-PCR analysis for bone differentiation
markers, viz., type I collagen, osteopontin, and osteocalcin,
and for integral tight-junction molecules, viz., occludin,
claudin-1, -2, -3, -4, -5, -6, -7, and -8, and for Cx43, was
performed on osteoblast-like MC3T3-E1 cells and osteo-
cyte-like MLO-Y4 cells. In MC3T3-E1 cells, high expres-
sion of type I collagen and osteopontin and low expression
of osteocalcin were observed, whereas in MLO-Y4 cells,
low expression of type I collagen and high expression of
osteopontin and osteocalcin were observed (Fig. 1a).
Furthermore, mRNAs of claudin-1, -2, -6, and Cx43 were
detected in both MC3T3-E1 cells and MLO-Y4 cells
(Fig. 1b). Expression of claudin-1, -2, and -6 was higher
in MC3T3-E1 cells than in MLO-Y4 cells (Fig. 1b).
Although occludin mRNA was also detected in both cell
lines, the expression was very low level (Fig. 1b).

Upregulation of claudins, Cx43, and ZO-1 in MC3T3-E1
cells, but not in MLO-Y4 cells, after IGF-I treatment

To examine the changes in expression of claudins, Cx43,
and ZO-1 during bone differentiation, MC3T3-E1 cells
and MLO-Y4 cells were treated with 0.1, 1, and 10 nM
IGF-I. In RT-PCR, the upregulation of type I collagen,
claudin-1, -2, -6, and Cx43 mRNAs was observed after
0.1 nM IGF-I treatment in MC3T3-E1 cells but not in
MLO-Y4 cells (Fig. 2a). The expression was highest after
1 nM IGF-I treatment. In Western blotting, the upregulation
of claudin-1 and Cx43 proteins, but not claudin-2 and -6
proteins, was observed following 1 nM IGF-I treatment in
MC3T3-E1 cells (Fig. 2b). By immunocytochemistry,
claudin-1-immunoreactive lines were observed at cell borders
of MC3T3-E1 cells treated with 1 nM IGF-I, whereas they
were not detected in the control (Fig. 2c-e). Claudin-2 and -6
were not detected in the control or after treatment with 1 nM
IGF-I (data not shown). Cx43-positive spots were increased
in MC3T3-E1 cells treated with 1 nM IGF-I compared with
the control (Fig. 2f,g). Furthermore, ZO-1, which localized at
adherens and tight junctions, was also increased following
1 nM IGF-I treatment as shown in Western blotting, and
ZO-1-immunoreactive lines at cell borders were increased in
MC3T3-E1 cells treated with 1 nM IGF-I compared with the
control as shown by immunocytochemistry (supplemental
data). In freeze-fracture analysis, several short tight-junction-
like strands, which were occupied by chains of particles and
many typical gap-junction plaques, were observed at the
membrane of MC3T3-E1 cells treated with 1 nM IGF-I
(Fig. 2h,i).

Inhibition of paracellular permeability in MC3T3-E1 cells
after IGF-I treatment

To elucidate whether claudin-1 induced by IGF-I treatment
affected tight-junction function in MC3T3-E1 cells, we
performed a barrier function assay measuring TER, and a
paracellular permeability assay measuring paracellular
fluxes. The values of TER in MC3T3-E1 cells treated with
1 nM IGF-I were only slightly increased compared with the
control (Fig. 3a). The paracellular fluxes measured by using
14C-inulin and 14C-mannitol were significantly decreased in
MC3T3-E1 cells treated with 1 nM IGF-I compared with the
control (Fig. 3b,c).

Induction of claudin-1 in MC3T3-E1 cells after IGF-I
treatment not influenced by either Cx43 expression or GJIC

To examine whether Cx43-mediated intercellular com-
munication affected the induction of claudin-1 after
IGF-I treatment, MC3T3-E1 cells were pretreated with
the GJIC blocker 18β-GA before treatment with 1 nM
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IGF-I. The 18β-GA treatment did not inhibit the
upregulation of claudin-1 and Cx43 proteins in cells
treated with IGF-I, as shown in Western blots (Fig. 4a).
To examine the interaction between claudin-1 and Cx43
induced by IGF-I, co-immunoprecipitation with Cx43 and
claudin-1 antibodies was performed. Claudin-1 and Cx43
were not detected in the immunoprecipitates by using
Cx43 and claudin-1 antibodies, respectively (Fig. 4b).
These results suggest that claudin-1 may be induced by
IGF-I in a gap-junction-independent manner.

Regulation of claudin-1 expression via MAP-kinase and PI3-
kinase pathways in MC3T3-E1 cells after IGF-I treatment

To examine which signaling pathways regulated the expres-
sion of claudin-1 in MC3T3-E1 cells after IGF-I treatment,
MC3T3-E1 cells were pretreated with PD98059 (a MAP-
kinase inhibitor), SB203580 (a p38 MAP-kinase inhibitor),
LY294002 (a PI3-kinase inhibitor), or GF109203 (a protein
kinase C inhibitor) at 10 μM before treatment with 1 nM
IGF-I. In Western blots, the expression level of pMAP-

Fig. 1 Expression of osteoblast differentiation markers (a), tight-
junction molecules (b), and connexin 43 (Cx43 in b) in MC3T3-E1
cells and MLO-Y4 cells. a Reverse transcription with polymerase
chain reaction (RT-PCR) for mRNAs of type I collagen (COL1),
osteopontin (OPN), and osteocalcin (OCN) in MC3T3-E1 cells and
MLO-Y4 cells (M 100-bp ladder DNA marker). The corresponding
expression levels of COL1, OPN, and OCN mRNAs relative to

glucose-3-phosphate dehydrogenase (G3PDH) are shown in a bar
graph (right). **P<0.01, *P<0.05 versus MLO-Y4 cells. b RT-PCR
for mRNAs of various claudins (CL-1, CL-2, CL-6), occludin, and
Cx43 in MC3T3-E1 cells and MLO-Y4 cells. The corresponding
expression levels of claudin-1, -2, and-6, occludin, and Cx43
mRNAs relative to G3PDH are shown in a bar graph (bottom).
**P<0.01, *P<0.05 versus MLO-Y4 cells
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connexin 43 (Cx43) in MC3T3-E1 cells and MLO-Y4 cells after
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and MLO-Y4 cells after treatment with 0.1–10 nM IGF-I for 24 h. In
MC3T3-E1, but not in MLO-Y4, upregulation in mRNAs of claudin-
1, -2, -6 and Cx43 was observed after treatment with 0.1 nM IGF-I.
The corresponding expression levels of COL1, claudin-1, -2, -6, and
Cx43 mRNAs in MC3T3-E1 cells are shown in a bar graph. **P<
0.01, *P<0.05 versus control. b Western blotting for claudin-1, -2, -6,
and Cx43 proteins in MC3T3-E1 cells after treatment with 0.1–10 nM
IGF-I. In MC3T3-E1 cells, upregulation of claudin-1 and Cx43

proteins was observed from 1 nM IGF-I. The corresponding
expression levels of claudin-1 and Cx43 proteins are shown in a bar
graph. **P<0.01, *P<0.05 versus control. c–g Immunocytochemistry
for claudin-1 (c-e) and Cx43 (f, g) in MC3T3-E1 cells after treatment
with 1 nM IGF-I. Claudin-1-immunoreactive lines were detected at
cell borders, and Cx43-positive spots were increased compared with
control. (c, d, f, g XY-sections, e Z-section, arrow in e claudin-1-
immunoreactive dot. Bars 20 μm. h, i Freeze-fracture replicas of
MC3T3-E1 cells after treatment with 1 nM IGF-I. Several short tight-
junction-like strands and many typical gap-junction plaques were
observed at the cell membrane (M microvilli, arrows in h tight-
junction-like strands, arrows in i gap-junction plaques). Bars 20 nm
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kinase (44 kDa) but not pAkt was increased together with an
increase of claudin-1 expression in MC3T3-E1 cells after
IGF-I treatment (Fig. 5a). The increase of pMAP-kinase and
claudin-1 expression was inhibited by PD98059, SB203580,
or GF109203 (Fig. 5a). Furthermore, the expression level of
pMAP-kinase and claudin-1 after IGF-I treatment was
enhanced by LY294002, whereas pAkt expression was
decreased (Fig. 5a). When MC3T3-E1 cells were pre-
treated with 0.1–10 μM LY294002 before treatment with
1 nM IGF-I, the expression levels of pMAP-kinase and
claudin-1 were increased from 0.1 μM, whereas pAkt
expression was decreased at 10 μM (Fig. 5b). Further-
more, when MC3T3-E1 cells were pretreated with another
PI3-kinase inhibitor, wortmannin, at 10 nM before
treatment with 1 nM IGF-I, an upregulation of pMAP-
kinase and claudin-1 expression and a downregulation of
pAkt expression were observed (Fig. 5c).

Induction of claudin-1 expression in MC3T3-E1 cells
during wound healing

To examine the change in claudin-1 expression in MC3T3-
E1 cells during regeneration, we performed a wound-

healing assay in vitro. In wound-closure areas at 48 h after
scrape wounding, claudin-1 was localized at cell borders of
attached points (Fig. 6b-e). Furthermore, from 24 h after
scrape wounding, mRNAs of IGF-I, type I collagen, and
claudin-1 were upregulated compared with the control as
shown in RT-PCR analyses (Fig. 6f, data not shown).

Discussion

Tight-junction structures coexist with gap-junction struc-
tures between osteoblasts in early osteogenesis (Soares et
al. 1992; Arana-Chavez et al. 1995). Tight-junction
molecules claudins, occludin, and ZO-1 are expressed in
osteoblasts (Laing et al. 2001; Prêle et al. 2003; Thi et al.
2003). In osteoblasts, gap-junction protein Cx43 and
mediated GJIC are well known to contribute to the

Fig. 3 Changes in paracellular permeability of tight junctions in
MC3T3-E1 after treatment with IGF-I. a Barrier function measured as
TER in MC3T3-E1 cells after treatment with 1 nM IGF-I; n=9. b
Paracellular permeability assay measured as paracellular fluxes by
using 14C-inulin (MW: 5 kDa) and 14C-mannitol (MW: 182 Da) in
MC3T3-E1 cells after treatment with 1 nM IGF-I; n=9, *P<0.01
versus control

Fig. 4 Interaction between connexin 43 (Cx43) and claudin-1 (CL-1)
in MC3T3-E1 after treatment with IGF-I (kd kDa). a Western blotting
for Cx43 and claudin-1 proteins in MC3T3-E1 treated with 10 μM
18β-glycyrrhetinic acid (18β-GA) for 24 h before treatment with 1 nM
IGF-I for 24 h. 18β-GA did not prevent the increase of claudin-1 in
MC3T3-E1 cells treated with IGF-I. b Immunoprecipitation (IP) and
Western blotting (WB) for Cx43 and claudin-1 proteins in MC3T3-E1
after treatment with 1 nM IGF-I. No Cx43 and claudin-1 were
detected in immunoprecipitates by using the relevant antibodies, Cx43
and CL-1 were not detected
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expression of osteoblastic differentiation markers, alkaline
phosphatase activity, osteocalcin, osteopontin, and Cbfa1
(Li et al. 2006). However, the changes and mechanism of
regulation of tight junctions during the differentiation of
osteoblasts remain unknown. In this study, we have
demonstrated, for the first time, that the expression of

tight-junction protein claudin-1 and paracellular permeabil-
ity are regulated via a MAP-kinase pathway, but not by
Cx43 expression, during osteoblast differentiation stimulat-
ed by IGF-I.

Osteocytes are derived from osteoblasts and are formed
by the incorporation of osteoblasts into the bone matrix

Fig. 5 Effects of signaling transduction inhibitors for upregulation of
claudin-1 (CL-1) protein in MC3T3-E1 cells after treatment with IGF-
I (kd kDa). a Western blotting for pMAPK, ERK1/2, pAkt, Akt, and
claudin-1 proteins in MC3T3-E1 cells treated with MAP-kinase
inhibitor PD98059 (PD), p38 MAP-kinase inhibitor SB203580 (SB),
PI3-kinase inhibitor LY294002 (LY), or protein kinase C inhibitor
GF109203 (GF) at 10 μM for 30 min before treatment with 1 nM
IGF-I for 24 h. The corresponding expression levels of pMAPK/
ERK1/2, pAkt/Akt, and claudin-1/actin are shown in bar graphs (C
control, NT non-treatment of inhibitors). b Western blotting for

pMAPK, ERK1/2, pAkt, Akt, and claudin-1 proteins in MC3T3-E1
cells treated with 0.1–10 μM LY294002 before treatment with 1 nM
IGF-I. The corresponding expression levels of pMAPK/ERK1/2,
pAkt/Akt, and claudin-1/actin are shown in bar graphs. c Western
blotting for pMAPK, ERK1/2, pAkt, Akt, and claudin-1 proteins in
MC3T3-E1 cells treated with 10 nM PI3-kinase inhibitor wortmannin
(WM) before treatment with 1 nM IGF-I. The corresponding
expression levels of pMAPK/ERK1/2, pAkt/Akt, and claudin-1/actin
are shown as bar graphs
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(Franz-Odendaal et al. 2006). There are no classical apical
and basolateral domains in the plasma membrane of
osteocytes in vitro (Gu et al. 2006). In contrast, in
osteoblasts, cell polarity is important for underlying the
polarized trafficking of bone matrix proteins toward the
bone surface (Prêle et al. 2003). In this study, we have
investigated the expression of tight-junction molecules in
MC3T3-E1 cells highly expressing type I collagen and in
MLO-Y4 cells highly expressing osteocalcin. In both cell
lines, mRNAs for tight-junction molecules occludin and
claudin-1, -2, and -6 were detected by semiquantitative RT-
PCR. Expression of claudin-1, -2, and -6 mRNAs was
higher in MC3T3-E1 cells than in MLO-Y4 cells. These
results suggest that tight junctions may be essential for
osteoblasts, rather than for osteocytes.

The tight-junction molecules claudin-1, -2, -3, and
occludin are reported to be more highly expressed in rat
primary osteoblastic cells than in rat osteosarcoma cell line
ROS 17/2.8 (Prêle et al. 2003). The expression of claudin-1
and -2 is increased in the mineralization phase compared
with the differentiation phase in primary culture (Prêle et al.
2003). Furthermore, a previous study has shown that a
lanthanum tracer penetrates the intercellular spaces of

osteoblasts in the early nonmineralised stage, and that the
penetration then gradually decreases with the progression of
mineralization, and eventually fails to reach the distal
portion (apical in relation to the matrix) of the intercellular
spaces, as shown by electron microscopy (Soares et al.
1992). In the present study, treatment with IGF-I induced
claudin-1 expression at the levels of mRNA and protein
together with increases of Cx43 and type I collagen in
MC3T3-E1 cells but not MLO-Y4 cells. Immunocytochem-
istry revealed claudin-1 at the cell borders of MC3T3-E1
cells treated with IGF-I. Furthermore, treatment with IGF-I
decreased paracellular permeability measured as paracellu-
lar fluxes by inulin and mannitol in MC3T3-E1 cells. These
results indicate that, during differentiation of osteoblasts,
IGF-I might regulate the paracellular pathway between
osteobalsts via the tight-junction protein claudin-1.

On the other hand, the increase of TER is only slight in
MC3T3-E1 after IGF-I treatment. Overexpression of clau-
din-1 increases TER and decreases paracellular permeabil-
ity in MDCK cells, whereas the introduction of claudin-2
into MDCK I cells decreases TER and does not affect the
paracellular flux of fluorescein-isothiocyanate-dextran (Inai
et al. 1999; Furuse et al. 2001). In our experiments, IGF-I
treatment induces not only claudin-1 expression, but also
claudin-2 expression in MC3T3-E1 cells. This suggests that
the induction of claudin-2 by IGF-I treatment might also
affect the TER value in MC3T3-E1 cells.

Gap junctions may be closely associated with tight
junctions (Kojima et al. 2003; Giepmans 2004). Some Cx
can induce and maintain tight junctions in both a GJIC-
dependent and GJIC-independent manner in epithelial
cells (Kojima et al. 2002, 2007; Morita et al. 2004; Go
et al. 2006). In this study, treatment with the GJIC blocker
18β-GA did not inhibit the upregulation of claudin-1, and
interaction between Cx43 and claudin-1 was not observed
by co-immunoprecipitation. These results suggest that
Cx43 expression and mediated GJIC do not contribute to
the upregulation of claudin-1 by IGF-I in MC3T3-E1
cells.

IGF-I induces at least two signaling pathways, the
MAP-kinase and PI3-kinase pathways (LeRoith 2000;
Laviola et al. 2007). In MC3T3-E1 cells, IGF-I stimulates
the activity of alkaline phosphatase via the MAP-kinase
and PI3-kinase pathways (Noda et al. 2005; Hanai et al.
2006) and the activity of Cbfa1 via a MAP-kinase
pathway (Pei et al. 2003). Furthermore, IGF-I signals
osteoblast mitogenesis and survival through parallel PI3-
kinase and MAP-kinase pathways (Grey et al. 2003). In our
present study, the expression level of pMAP-kinase, but not
of pAkt, was increased together with an increase in claudin-1
expression in MC3T3-E1 cells treated with IGF-I. The
increase of pMAP-kinase and claudin-1 expression after
treatment with IGF-I was inhibited by PD98059, SB203580,

Fig. 6 Changes in claudin-1 (CL-1) in MC3T3-E1 cells during wound
healing. a, b Phase-contrast images of MC3T3-E1 cells at 24 h and
48 h after scrape wounding. Bars 50 μm. c, d Immunocytochemistry
for claudin-1 in MC3T3-E1 cells at 48 h after scrape wounding (c XY-
section, d Z-section, arrows claudin-1-immunoreactive dots). Bars
15 μm (a, b), 10 μm (c, d). e RT-PCR for IGF-I, type I collagen
(COL1), claudin-1 (CL-1) in MC3T3-E1 cells at 6 h and 24 h after
scrape wounding
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or GF109203. The increase of pMAP-kinase and claudin-1
expression was enhanced by the PI3-kinase inhibitors
LY294002 and wortmannin. Cross-talk occurs between PI3-
kinase and MAP-kinase (Zimmermann and Moelling 1999;
Rommel et al. 1999; Reusch et al. 2001; Moelling et al.
2002). In primary porcine tendon fibroblasts pretreated with
LY294002 followed by stimulation with IGF-I, pMAP-
kinase is enhanced (Chiu et al. 2005). On the other hand,
the two PI3-kinase inhibitors, LY294002 and wortmannin,
which have different mechanisms of action and different
pharmacological profiles, suppress the activity of pMAP-
kinase through an independent PI3-kinase pathway (Chiu et
al. 2005). In our study, the upregulation of pMAPK and
claudin-1 was observed following low doses of LY294002
that did not affect pAkt. Thus, LY294002 might affect the
activity of pMAP-kinase through an independent PI3-kinase
pathway. These findings indicate that the expression of
claudin-1 in MC3T3-E1 cells after treatment with IGF-I is
mainly regulated via a MAP-kinase pathway and only in part
modulated by a PI3-kinase pathway.

IGF-I is reported to be expressed during fracture
healing and to stimulate it, suggesting a role as an
autocrine/paracrine factor potentiating bone regeneration
(Trippel 1998). We have investigated the changes in
claudin-1 expression in MC3T3-E1 cells during wound
healing in vitro as a model of fracture healing in vivo. In
MC3T3-E1 cells after scrape wounding, the upregulation
of claudin-1 was observed together with increases of IGF-I
and type I collagen. This suggests that the upregulation of
claudin-1 by IGF-I might occur during not only differen-
tiation but also regeneration of osteoblasts.

In conclusion, during the differentiation of osteoblasts,
IGF-I regulates integral membrane tight-junction protein
claudin-1 via a MAP-kinase pathway, but not gap junctions.
Furthermore, ZO-1, which has been localized at adherens and
tight junctions, is induced by IGF-I. In bone, lining cells,
which are considered to be resting osteoblasts, cover the
inactive surface of mineralized bone and separate it from
extracellular space. Osteoblasts in the bone-forming process
maintain cell polarity and secrete matrix proteins toward the
existing bone surface with exact directionality. It is possible
that paracellular permeability between osteoblasts may be
modulated by the direct cell-to-cell interactions of tight
junctions during differentiation of osteoblasts. Finally, direct
cell-to-cell interactions, not only via adherens and gap
junctions but also tight junctions, may modulate various
osteoblast functions, although the detailed roles of tight
junction proteins are as yet unclear in bone cells
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