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Immune-deficient nude mice, which are highly sus-
ceptible to tumorigenicity, were also used in this ex-
periment.

~MATERIALS AND. METHODS. ...

Animals

Five-week-old female BALB/cJ and SJL/J, and five-week-
old male BALB/cAnCrj-nu mice were purchased from
Charles River (Japan) and maintained in the animal center
according to the NIHS animal welfare guidelines. All mice
were fed standard pellet diets and water ad libitum before
and after PLLA implantation.

Implantation of PLLA

PLLA was obtained from Shimadzu Co. Ltd. as uniform
sheets. The implants (size, 20 X 10 X 1 mm>; Mw, 200,000)
were sterilized using ethylene oxide gas prior to use. So-
dium pentobarbital (4 mg/kg) was intraperitoneally admin-
istered to the mice. The dorsal skin was shaved and
scrubbed with 70% alcohol. Using an aseptic technique, an
incision of about 2 cm was made; a subcutaneous pocket was
formed by blunt dissection away from the incision, and one
piece of PLLA was placed in the pocket. The incision was
closed with silk sutures. In both strains, controls were ob-
tained by sham operation and subsequent subcutaneous
pocket formation. Following surgery, the mice were housed
in individual cages. After 10 months, mice from the im-
planted group were killed, implanted materials were ex-
cised, and subcutaneous tissues from the adjacent sites were
collected for culture. At the same time, subcutaneous tissues
were removed from the sites in the sham-operated controls
that correlated with the implant sites. Similar experiments
were also performed 1 month after PLLA implantation.*

Cell culture of subcutaneous tissues

The subcutaneous tissues were maintained in minimum
essential medium (MEM) supplemented with 10% FBS in a
5% CO, atmosphere at 37°C.

Giemsa staining

‘When cells reached confluence in tissue culture dishes,
they were fixed and stained with Giemsa solution. Cell
morphology was determined under an inverted light micro-
scope.
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Western blot analysis

When cells had grown confluent in 60-mm tissue culture
dishes, all cells were lysed directly in 100 wL 2% sodium
dodecyl sulfate (SDS) gel loading buffer (50 mM Tris-HCl,
pH 6.8, 100 mM 2-mercaptoethanol, 2% SDS, 0.1% bromo-
phenol blue, and 10% glycero}). The protein concentration of
the cleared lysate was measured using a micro-plate BCA
protein assay (Pierce, Rockford, IL). Equivalent protein sam-
ples were analyzed by 7.5% SDS-polyacrylamide gel electro-
phoresis. The proteins were transferred to Hybond-ECL ni-
trocellulose membranes (Amersham Pharmacia Biotech UK,
Buckinghamshire, UK), and Cx 43 protein was detected by
anti-Cx 43 polyclonal antibodies (ZYMED Laboratories, San
Francisco, CA). The membrane was soaked with Block Ace
(Yukijirushi Nyugyo, Sapporo, Japan), reacted with the anti-
Cx 43 polyclonal antibodies for 1 h, and after washes with
phosphate-buffered saline (PBS) containing 0.1% Tween20,
reacted with the secondary anti-rabbit IgG antibody conju-
gated with horseradish peroxidase for 1 h. After several
washes with PBS-Tween20, the membrane was detected
with the ECL detection system (Amersham Pharmacia Bio-
tech UK).

Scrape-loading and dye transfer assay

The scrape-loading and dye transfer (SLDT) technique
was performed by the method of El-Fouly et al.?* Confluent
monolayer cells in 35-mm culture dishes were used. After
rinsing with Ca®*, Mg>* PBS(+), cell dishes were loaded
with 0.1% Lucifer Yellow (Molecular Probes, Eugene, OR} in
PBS(+) solution and were scraped immediately with a sharp
blade. After incubation for 5 min at 37°C, cells were washed
three times with PBS(+), and the extent of dye transfer was
monitored using a fluorescence microscope equipped with a
type UEX-DXII CCD camera and a super high-pressure mer-
cury lamp power supply (Nikon, Tokyo, Japan).

Enzyme-linked immunosorbent assay

Cells were seeded onto 60-mm dishes. The conditioned
medium was collected after centrifugation at 1000 rpm for 2
min. The TGF-81 levels of the media were measured with
commercially available enzyme linked immunosorbent as-
say (ELISA) kits (R&D Systems, Minneapolis, MN).

DNA. microarray analysis

At least 107 cells were harvested and frozen in liquid
nitrogen. Total RNA was extracted, purified, and assessed
for yield and purity, and ¢cDNA probes were synthesized
with the Atlas™ Pure Total RNA Labeling System (Clon-
tech) according to the manufacturer’s instructions. Hybrid-
ization of the **P-labeled probes to the Atlas Array of Mouse
Cancer 1.2 k Array (Clontec 7858-1), on which 1176 cDNAs



PLLA-INDUCED TUMORS IN MICE

of cancer-related genes were spotted, was performed with
Atlas™ cDNA Expression Arrays according to the manu-
facturer’s instructions. The phosphor images of hybridized
arrays were analyzed with AtlasImage™ (Clontech). Genes
that were up- or downregulated more than fivefold relative
to the negative controls are discussed.

Determination of tumorigenicity in nude mice

Cultured cells were harvested by trypsinization, and 2 X
106 washed cells suspended in 0.2 mL of PBS were inocu-
lated at a single subcutaneous site into 6~8-week-old nude

mice. All mice were examined regularly for the development

of tumor.

Soft agar assay

Approximately 100,000 cells per well from each clone
were seeded in 2 mL of 0.3% soft agar in culture medium on
a solidified basal layer in 6-well tissue culture plates. The
plates were cultured for 4 weeks and then stained with
p-iodotetrazolium violet for 48 h before counting.

Statistical analysis

Student t tests were used to assess whether differences
observed between the implanted and control samples were
statically significant. For comparison of groups of means,
one-way analysis of variance was carried out. When signif-
icant differences were found, Tukey’s pairwise comparisons
were used to investigate the nature of the difference. The
confidence level was set at 95% for all tests. Statistical sig-
nificance was accepted at p < 0.05. Values were presented as
the mean * SD.

RESULTS
Giemsa staining

Cells with different morphologies formed a slightly
crisscrossed pattern in the BALB/cJ control group,
whereas cells in the implanted groups of BALB/cJ
showed a markedly crisscrossed pattern. The cells
were extensively piled up, which decreased contact
inhibition, under inverted light microscopy observa-
tion and Giemsa staining [Fig. 1(A,B)]. In contrast, the
cells of the SJL/] group formed a parallel, flat, conflu-
ent monolayer that maintained contact inhibition [Fig.
1(C,D)].
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Western blot analysis

We examined the protein expression of the connexin
43 gene and found that the total protein level was
significantly decreased in PLLA-implanted BALB/c]
mice when compared with that in BALB/cJ controls
(Fig. 2). However, protein expression was decreased in
both control and PLLA-implanted groups in SJL/]
mice (Fig. 2).

SLDT assay

The SLDT assay was used to assess functional GJIC.
GJIC was significantly inhibited in PLLA-implanted
BALB/c] mice when compared with that in BALB/cJ
controls (Fig. 3). A significant difference was also ob-
served between the two strains of mice in that the GJIC
was lower in SJL/] than in BALB/cJ group (Fig. 3).

ELISA

The secretion of TGF-B1 was significantly increased
in PLLA-implanted BALB/cJ subcutaneous tissues in
comparison with that from BALB/cJ control mice. On
the contrary, secretion of TGF-B1 tended to decrease in
the SJL/J implanted mice when compared with that in
SJL/J control mice (Fig. 4).

DNA microarray analysis of the four kinds of cells

Expression of the major ECM [fibronectin 1, pro-
collagen VIIla 1, and osteopontin precursor (OPN)]
proteins [Fig. 5(A-C)], insulin-like growth factor bind-
ing protein (IGFBP) 3 [Fig. 5(D)], and cysteine-rich
intestinal protein 2 (CRIP 2) [Fig. 5(E)] were increased
in the PLLA-implanted BALB/cJ mouse cells when
compared with that in BALB/c] control mouse cells.
No such difference was observed between SJL/J im-
planted and control mouse cells.

Tumorigenicity in nude mice

No tumor was formed in PBS(—) injected nude mice
[Fig. 6(A)]. Rapid growth of large tumors was ob-
served in nude mice within 2 weeks of injection of
cultured cells from PLLA-implanted BALB/c] mice
[Fig. 6(B,CEF)]. Nude mice injected with Hela cells,
which served as positive controls, showed slower
growth of tumor 4 weeks after cell injection [Fig.
6(D,G)].
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(A) BALB/cT (Contrel)

(C) STLIT (Control)

(D) SIL/IT (PLLA)

Figure 1. Mouse cell morphology. Three each of both implanted mice and sham-operated controls were killed after 10
months. Results shown are representative of two independent experiments. Inverted light microscopic appearance (magni-
fication X100) of (A) BALB/cJ (control), (B) BALB/cJ (PLLA), (C) SJL/J (control), and (D) S]L./J (PLLA). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.] ‘ i

Soft agar assay

These tumor cells did not form a colony in soft agar
(data not shown), although HeLa cells did form colo-
nies in soft agar.

Histopathology

Tumor cells from nude mice injected with PLLA-
implanted BALB/cJ mouse cells showed monophasic

3ILA
(Control) (PLLA)

BALB/c]
(Cortrol)

BALB/CT
®LLA)

SILA

Figure 2. Expression of Cx 43 protein by Western blot
analysis. Three each of both implanted mice and sham-
operated controls were killed after 10 months. Results
shown are representative of two independent experiments.
Total protein expression was significantly decreased in
PLLA-implanted BALB/c] mice when compared with that
in the control. However, protein expression was decreased
in both control and PLLA-implanted groups in SJL/] mice.
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Figure 3. Statistical analysis of SLDT assay. Three each of
both implanted mice and sham-operated controls were
killed after 10 months. Results shown are representative of
two independent experiments. GJIC was found to be signif-
icantly inhibited in'PLLA-implanted BALB/c] mice cells
when compared with that in BALB/cJ controls. *p < 0.05.
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SILI
(Control)

SIL
(PLL&)

BALRIY BALBI)
{Control} (PLL&)

Figure 4. Statistical analysis of TGF-p1 cytokine assay by
ELISA. Three each of both implanted mice and sham-oper-
ated controls were killed after 10 months. Results shown are
representative of two independent experiments. Secretion of

TGE-B1 level was significantly increased in PLLA-implanted

BALB/cJ mice when compared with that in BALB/cJ con-
trols. On the contrary, in the SJL/J mice, secretion of TGF-31

tended to decrease in. PLLA-implanted mice when com--

pared with that in control mice. **p < 0.01.
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fibrous synovial sarcoma on H&E and keratin AE1/
AE3 staining. Tumor cells with a staghorn pattern
[Fig. 7(A)] and a herringbone pattern were identified
[Fig. 7(B,C)]. ,

___ DISCUSSION

Polylactides are bioabsorbable polyesters with wide
range of clinical applications. Because it degrades
slowly, PLLA has been used as a biomaterial for sur-
gical devices such as bone plates, pins, and screws. It
has been reported in different studies that poly-
etherurethane, nonabsorbable ~polyethylene, and
PLLA produced tumors in rats.”'%*” Parallel to
these studies, here cells with different:morphologies
formed a crisscross pattern, which ythiis decreased the
contact inhibition in the PLLA—implanted BALB/c]
group [Fig. 1(B)]. We examined the protein expression

“of Cx 43 to evaluate the actual cause and found that

the total level of protein expression was significantly
decreased in the PLLA-implanted groups when com-
pared with that in the controls (Fig. 2). In contrast, Cx
43 protein expression was decreased in both control
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analysis of these four kinds of cells. The expression of (A) fibronectin 1, (B) pro-collagen VIio
(OPN), (D) insulin-like growth factor binding protein (IGFBP) 3, and (E) cysteine-rich intestinal

protein 2 (CRIP 2) increased in the cells of PLLA-implanted BALB/cJ mice. Results shown are representative of four

independent experiments.
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Figure 6. Determination of tumorigen ty in nude mice. (A) No tumor was formed i
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n PBS(—) injected nude mice. (B, C, E,

and F) A large tumor growth was observed within two weeks in nude mice injected with cells from PLLA-implanted BALB/cJ
mice. (D and G) Tumor growth was observed in nude mice 4 weeks after they were injected with HeLa cells. [Color figure
can be viewed in the online issue, which is available at www.interscience. wiley.com.]

and PLLA-implanted groups in SJL/J mice (Fig. 2). We
also examined the functional effects on GJIC. In the
present study and correlating with our previous re-
port,?? GJIC was significantly inhibited in PLLA-im-
planted BALB/cJ mice when compared with that in
controls (Fig. 3). Gap junctions are regulated by the

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a

post-translational phosphorylation of the carboxy-ter-
minal tail region on the Cx molecule, and hyperphos-
phorylation of Cx molecules is closely related to the
inhibition of GJIC.2*# Asamoto et al. reported that
tumorigenicity enhanced when the expression of Cx
43 protein was suppressed by the anti-sense RNA of
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Figure 7. Histopathology. Tumor cells from nude mice
injected with cells from PLLA-implanted BALB/c] mice
showed monophasic fibrous synovial sarcoma with H&E
and keratin AE1/AE3 staining. (A) Staghorn pattern (H&E),
(B) herringbone pattern (H&E), and (C) herringbone pattern
(keratin AE1/AE3 staining). [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Cx 43.3% Thus, in our experiment, the impaired GJIC
was possibly caused by the suppression of protein
expression of Cx 43. Therefore, it is suggested that gap
junctions are likely to play a major role in the PLLA-
induced tumorigenesis in BALB/c] mice. But in SJL/]

mice, this is not the key factor for tumorigenesis. An-
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other protein may be responsible because Cx 43 pro-
tein expression was decreased in both control and
PLLA-implanted group of SJL/] mice.

TGF-p1 can impair GJIC function by decreasing the
phosphorylated form of Cx 43* and can also increase
the expression of ECM.%2** We estimated the produc-
tion of TGE-B1 in four kinds of cells. The secretion of
TGE-B1 significantly increased in PLLA-implanted
BALB/c] mice cells in comparison with that from
BALB/c] control mice, but TGF-Bl secretion de-
creased in the SJL/J-implanted group when compared
with that in the SJL/J control mice (Fig. 4). Further-
more, by using DNA microarray analysis of these four
kinds of cells, expression of the major ECM proteins
(fibronectin 1, pro-collagen VIIla 1, and OPN) and
IGFBP 3 was found to be increased in the PLLA-
implanted BALB/cJ mice cells (Fig. 5). Several reports
have suggested that these proteins could directly
cause tumorigenesis.>*>® Overexpression of CRIP 2, a
member of the LIM (characterized by a repeat of a
double zinc finger cysteine-rich sequence, CCHC and
CCCC) protein family, caused an increase in Th2 cy-
tokine IL-6,% and synovial sarcoma cells are reported
to produce IL-6 by themselves.*® Figure 5 shows that
IGFBP 3 was highly expressed in the PLLA-implanted
BALB/cJ mice cells. In addition, overexpression of
IGEBP 3 was associated with poorer prognosis in
breast cancer.>® Therefore, we speculated that overex-
pression of IGFBP 3 and major ECM proteins directly
or indirectly causes tumorigenesis in the PLLA-im-
planted BALB /cJ mice.

Ten months after implantation of the PLLA plate
into BALB/cJ mice, formation of a tissue growth was
observed at the implanted site. To determine whether
this tissue growth was a tumor or a result of foreign
body (PLLA) inflammation, we performed a tumori-
genicity assay in nude mice. Rapid growth of a large
tumor was observed in nude mice injected with cells
obtained from PLLA-implanted BALB/cJ mice (Fig.
6). The histopathologic examination of this tumor dis-
closed monophasic fibrous synovial sarcoma (Fig. 7).
Nude mice injected with HeLa cells as a positive con-
trol showed slower tumor growth. However, these
PLLA-derived tumor cells did not form a colony in a
soft agar assay (data not shown).

We speculated that a protein or regulatory factor
other than Cx 43 may play key role in tumorigenesis in
PLLA-implanted BALB/c] mice. In this light, we con-
clude that overexpression of the regulatory factors
such as TGF-B1 and IGFBP 3 caused tumorigenesis in
PLLA-implanted BALB/cJ mice. In addition, in-
creased secretion of TGF-B1 suppressed the expres-
sion of Cx 43 and inhibited GJIC. Moreover, PLLA
increased the expression of ECM, CRIP 2, and OPN.
Finally, all these factors in combination promoted tu-
morigenesis (Fig. 8).

Journal of Biomedical Materials Research Part A DOI 10.1002/bm.a
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CRIP T PLLA TGF-pl se:reﬁonI
(Ref, 31)
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OPN T (Ref. 34, 36)
IL-6 T (Ref. 35) GJIC l
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Figure 8. Schematic representation of the pathway of tu-
morigenesis induced by PLLA in BALB/cJ mice.
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Cytotoxicity of Various Calcium Phosphate Ceramics
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Abstract. The cytotoxicity of five calcium phosphate ceramics, hydroxyapatite (HAp),
flouroapatite (FAp), o~tricalcium phosphate (o-TCP), B-tricalcium phosphate (B-TCP) and
tetracalcium phosphate (TTCP), was investigated. Based on the guidelines of biological test for
medical devices in Japan, a cytotoxicity test of these calcium phosphates was carried out using
Chinese hamster V79 lung fibroblasts. The cytotoxic study revealed that FAp and o-TCP showed
high cytotoxicities. From various analyses, it was considered that the cytotoxicity of the FAp was
due to fluorine ions extracted in a culture medium and the cytotoxicity of a-TCP resulted from a
decrease in pH of the medium by the phosphoric acid, which produced by hydrolysis of the a-TCP.

Introduction

From the view point of biological affinity to bone, calcium phosphate (CP) ceramics have been
studied to utilize for many purposes in a medical field. For instance, hydroxyapatite
(Caio(PO4)s(OH),, HAp) and P-tricalcium phosphate (B-Ca3(POs), B-TCP), are known to be
biologically bonded to natural bones and their porous materials have been studied for effective
restoration of bone defects.[1,2] Fluoroapatite (Ca;o(PO4)sF2, FAp) has been reported to have a
potential of novel bone repairing materials with high stability in vivo, since solubility of FAp is
lower than that of HAp.[3,4] In addition, CP cement is also promising for bone repair and it is
well known that o-tricalcium phosphate (0-Cas(POs)2, a-TCP) and tetracalcium phosphate
(Cas(PO4);0, TTCP) are starting materials for the harden reaction of the bone cement.[5,6]

To develop biomaterials for utilizing for bone tissue, various properties, e.g. biological, physical
and chemical property, should be satisfied. Among them, biological safety is important for the
biomaterials. Since only a few studies which discuss the cytotoxicity of calcium phosphate
ceramics have been reported, the cytotoxicity of CP ceramics is worthy to be investigated in order
to design bioceramics with good biological safety for medical application. Therefore, the
cytotoxicities of five calcium phosphate ceramics, hydroxyapatite (HAp), flouroapatite (FAp),
a~tricalcium phosphate (a-TCP), B-tricalcium phosphate (B-TCP). and tetracalcium phosphate
(TTCP) were investigated.

Materials and Methods

Materials :

Five kinds of CP ceramics, HAp, FAp, a-TCP, 3-TCP and TTCP were purchased from Wako
chem. Co. Ltd. CP powders (0.25 g) was put into stainless mold and uniaxially pressed at 30MPa
for 1 min to form a pellet. The dimensions of the obtained CP peliet were Imm in thickness and
12mm in diameter. CP pellets were sterilized by an autoclave at 121°C for 20 min.

Cytotoxicty test on CP ceramics

Cytotoxicity test was carried out using Chinese hamster V79 lung fibroblasts by a colony assay
system. V79 cells were maintained in Eagle’s minimum essential medium (Nissui Pharmaceutical
Co. Ltd.) with 10% fetal calf serum (FCS, Intergen Co. Ltd.) and incubated at 37 °C in a humidified
atmosphere with 5% COs. ;

The method of cell seeding in the cytotoxicity test of CP ceramics was shown below; each CP
pellets were placed in each culture wells of 24 well culture plates (Corning Co. Ltd.) and 300l of
culture medium was added into each well. Then, 50 cells/300ul of the cell suspension in the

All rights reserved. No part of contents of this paper may be reproduced or transmitted in any form or by any means without the
written permission of the publisher: Trans Tech Publications Ltd, Switzerland, www.ttp.net, (ID; 202.241,37.13-20/01/07,07:46:18)
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culture medium were added into each well and incubated at 37°C for 4 h. Finally, 400ul of the
culture medium was added into each well and the plates were incubated at 37 °C in a humidified
atmosphere with 5% CO, for 7days. In order to investigate a cell adhesive property on the CP
ceramics, the culture medium was changed after 4 h and further incubated for 7days. The removed
culture medium was transferred to another well of a new plate and incubated for 7days.as well.

Cytotoxicity of extracts from CP ceramics was also investigated in this study. -Suspensions-of -
CP ceramics in the culture medium (100mg/mL) were stirred at 37°C for 3days under the rotation
condition at 150rpm. The suspensions were centrifuged and the supernatants were collected as test
extracts. In addition, media with various pH values were prepared using HCI solution to
investigate an effect of pH on cell survival. Fifty V79 cells in Im] of the extracts or the medium
with different pH value were incubated at 37 °C for 7days.

After 7-day incubation, the cells were fixed in methanol and the number of the V79 colonies was
counted after staining cells with 5%-Giemsa solution to estimate the cytotoxicity of the test sample.
In addition, the pH of the medium after 7-days culture was measured to estimate the effect of the
pH of the medium on the cytotoxicity test.

Characterization of CP ceramics

The structural changes of CP before and after an autoclave-sterilization or an incubation at 37°C
culture were investigated by powder X-ray diffraction (XRD) analysis and scanning electron
microscopy (SEM). XRD analysis was carried out (Rigaku Co., Ltd. / RINT 2000) with the CuK,
radiation at 40kV, 50mA. SEM observations were performed (JEOL / JSM-5800LV) with an
accelerating voltage of 25kV.

Results and Discussion

Cytotoxicity of various CP ceramics
From XRD analysis, no structural changes of
CPs were observed after an autoclave
sterilization. After staining CP pellets, it was
observed that cell colonies were formed on .
various CP ceramics pellets (Fig.1(a)). The . LAS o CONtrol
results of the cytotoxicity test of CPs are shown S
in Fig.1(b). The cell colonies were hardly
formed on FAp and a-TCP pellets and the ratios
of the colonies formed on these pellets against
V79-alone culture were 22.6% and 0.0%,
respectively.  In addition, the ratios of the (b) 12
colonies on the HAp, B-TCP and TTCP pellets
were 58.1%, 57.3% and 78.4%, respectively.
As no colonies were observed after 7-day culture
of the removed medium in cell adhesion studies
of CP ceramics, these results suggested that V79
cells ‘can adhere and be viable on these pellets,
irrespective of the type of CP ceramics. Figure
2 shows the formation of colonies cultured in
extract from CP ceramics. The cytotoxicity test
of extracts from CPs revealed that the tendency .
of their cytotoxicities was similar to that of the Comrol HAp  FAp wTCP p-TCP TTCP
cytotoxicities on the respective CP pellets Fig.1. The appearance of colonies on various
themselves (Fig.1(b)). CP pellets (a) and their colony formation
ratios  (b). (*p<0.05 against for V79 alone,
*#¥p<0.01 against for V79 alone)

Formation of Colony
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The fact that less formation of colonies was

observed on FAp and a-TCP pellets suggests
that they are highly cytotoxic. In addition to
results shown in Fig.2, it is suggested that the
differences in the colony formation ratio on
various CP pellets are ascribed to difference in
extract properties from the CP, which may be
related with the composition or crystal structure.
As shown in Table 1, the pH of culture medium
after incubation with FAp pellets is almost the
same as that of HAp, while the pH of the
o~-TCP-incubated medium is much lower than
that of the other CP ceramics-incubated media.
In order to consider the reason of the low pH of the
a-TCP-incubated medium, a surface structural
change of a-TCP before and after incubation was
analyzed by SEM. SEM images of o-TCP before
and after extraction treatment are shown in Fig.3.
Before extraction, a particle size of a~-TCP was
about 10um and its surface was smooth (Fig.3(a)
and (b)). However, whisker-like precipitates of
-2um in length and 2-300nm in width were
observed at the surface of o-TCP after the
extraction, although there was no change in its
particle size (Fig.3(c) and (d)). It is well known

Formation of Colony

Conrdl  HAp  FAp w«TCP B-TCP TTCP

Fig.2. Formation of colony cultured in

extract

from various

CP ceramics.

(*p<0.01 against for V79 alone)

Table 1.

The pH and Ca concentration of
culture medium after incubation.

Samples pH of medi}xm Ca concentration

. after culturing /ppm
V79 alone 7.12 -

HAp 7.24 0.19
FAp 7.20 0.17
o-TCP 6.76 72.62
B-TCP 7.40 1.27
TTCP 7.65 0.58

Fig.3. SEM images of a-TCP before (a), (b) and after extract treatment (c), (d).

(a) and (c) are whole image of before and after extract treatment, respectively. (b) and
(d) are enlarged image of the area enclosed by a rectangle in (a) and (c), respectively.
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that calcium phosphates convert to HAp in L B B B B B
aqueous solution with high pH value. Since the
solubility of a-TCP is higher than that of other

pH of 50% cell survival

-3
[=
] T
-

: EIEETI
calcium phosphates, a-TCP lapldly converts to & | ‘o\ (Morita et al™)
HAp as follows; % 60 - B ,/\,\ ]
10Ca;3(POy);+6H,0 — 3Ca10(PO4)6(OH)2+2H3P04 2l RN

3T ’ © -

(3 L pH of 50% cell survival

| =6.9 (for 7days)

According to the report of this conversion [7],
(In this study)

HAp produced by the above reaction has
whisker-like  morphology. Therefore, the L e T
whisker-like precipitates m Fig.3. (d) can be 76 74 72 7pH g'fsth ;’I\GAS déi'ém 62 6 58
regarded as HAp, so that it is considered that the Fig.4. V79 cell survival in the medium
above conversion occurs at the surface of the with various pH values.

o-TCP during incubation.

In this case, phosphoric acid is produced as a byproduct in the conversion reaction and the
phosphoric acid causes the decrease in pH of the solution. As shown in Fig.4, Morita and
co-workers[8] have reported that low pH itself could be clastogenic to mammalian cells and the pH
of 50% V79 cell survival was 6.5 for 24h incubation. In the present colony assay system, the pH
of 50% V79 cell survival was 6.9 for 7-days incubation. In addition, we confirmed that phosphoric
acid showed no or weak cytotoxicities under our present experimental conditions. Therefore, it is
suggested that the cytotoxicity of a-TCP is mainly due to the pH decrease resulting from an increase
of the phosphoric acid ion by the hydrolysis conversion from a-TCP to HAp.

On the other hand, FAp has the same crystal structure of HAp but the hydroxyl ions in HAp
substituted by fluorine ions.  Since it is probable that difference of the colony formation on various
CP ceramics are due to eluted substances from CP as described above, the cytotoxicity of FAp
would be due to eluted fluoride ions from FAp. In conclusion, this study has revealed that FAp
and o-TCP have a cytotoxicity, while TTCP has lower cytotoxicity than other calcium phosphates.
To develop biomaterials made from ca]cmm phosphate, further studies are necessary to clarify their
cytotoxic mechamsms

[
O
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channel and connexin-43 (Cx43) expression by its actions
on focal adhesions and the associated cytoskeleton [5]. In
addition, Park and Tsuchiya [6] have reported that high
molecular weight (HMW) HA-coating can enhance the
function of gap-junctional intercellular communications
(GJIC). The insulin secretion from pancreatic fi-cells is a
multicellular event depending on their interaction with
neurotransmitters and numerous signal molecules-carried
by blood and also direct interactions between cell-cell and
cell-matrix contacts by gap-junctional channels, which
mediate exchanges of molecules smaller than 1000 Da, such
as ions, small metabolites, and second messengers between
adjacent cells. The latter interactions are thought to be
crucial regulatory mechanisms of insulin secretion [7-9],
and the pharmacological blockade of GJIC markedly
decreases insulin release [8]). However, the effects of
HMW HA as biomaterials of support matrix on functions

of pancreatic fi-cells and gap-junctional channel remain-

unclear.

In the present study, we investigated the effects of HMW
HA on the function of GJIC, the expression of Cx43,
insulin content, and insulin secretion using HIT-T15 cells
in vitro. These results suggest that HMW HA can be used
as the biomaterial for the development of a bioartificial
pancreas: design biocompatibility of HA depends on the
molecular-weight size of HA, and its application method
and concentration.

2. Materials and methods
2.1, Materiuls

Lucifer yellow was purchased from Molecular Probes (Eugene, OR).
HA (1680kDa) and TetraColor ONE (WST-8) were supplied by
Seikagaku Industries. Ltd. (Tokyo, Japan). ELISA insulin assay kit was
obtained from Morinaga Seikaguku Co. (Yokohama. Japan). Bovine
serum albumin (BSA) was obtained from Roche Diagnostics GmbH
(Mannheim, Germany). Krebs-Ringer bicarbonate (KRB) buffer (pH
7.4). fetal bovine serum (FBS), and anti-Cx43 were purchased from Sigma
Chemical Co. (St. Louis. MO). f-actin antibody was obtained [rom Cell
Signaling Technology Inc. (Tokyo. Japan). Roswell Park Memorial
Institute (RPM1) 1640 medium was from Nissui pharmaceutical Co.
(Tokyo. Japan). All other chemicals used were obtained from Wako Pure
Chemical Industries (Osaka, Japan).

2.2, Preparation of media und culture dishes

The HA polysaccharide was dissolved in distilled water at a
concentration of 4 mg/ml. Each of the 35-mm culture dish (Falcon 1008,
Becton Dickinson) was coated at a final concentration of 0.01, 0.05. 0.1,
0.5. and 1.0mg/ml. The HA-coated dishes were dried further under sterile
air flow at room temperature for 12h before use. In order to investigate
the effect of HA-addition on the lunctions of HIT-TI5 cells. different
media were prepared at a final concentration of 0.01, 0.05, 0.1. 0.5, and
L.Omg/ml. HA-treatment is performed to cells for 24 h,

2.3. Cells and cell culture

A hamster pancreatic f-cell line. HIT-T15 (HIT-T1S cells, Dainippon
Pharmaceutical Co., Japan). was cultured in RPMI 1640 medium
containing 10% FBS, 2mm L-ghitamine. 1001U penicillin-G and 100 pg/

mi streptomycin at 37°C in a humidified atmosphere of 5% CO,. The
subculture cells were seeded at a density of 1.0-5.0 x 10°cells/m! in
multiwell plates or culture dishes. When they reached more than 0%
confiuence. the cells were used for various studies. Throughout the cell
growth period the culture media were replaced every 2 days.

2.4. Measurement of cell viability

Toevaluate the affect of HMW HA oncell viability ol HIT-TI5¢ells.

HIT-T15 cells (1 x 10%) were incubated into the various concentrations of
HA-coated 24-well plates. or after the cells were seeded onto 24-well plates
and pre-incubated in a 10% FBS/RPMI 1640 medium overnight. the
medium was exchanged for 10% FBS/HA/RPMI | 640 medium prepared.
After 24 h of HA-treatment, the celllvinbi!ity was determined by the WST-
8 reduction assay. according to the manufacturer’s instructions. Control
cells received fresh medium without HA.

2.5. Measwrement of insulin release and insulin content

HIT-TI5 cells were treated as described above. After pre-incubating for
30 min at 37°C in KRB buffer. no glucose cells were stimulated for 60 min
with I1.1mm glucose in KRB buffer. The medium was collected,
centrifuged for Smin at 3000y, and the supernatant was frozen at
—80 “C for insulin release assay. Cultures were then extracted for 24h at
4°C in acid-ethanol and the extracts also frozen for determination of
insulin and protein content. Insulin was determined by ELISA insulin kit
with rat insulin as standard. according to the manufacturer's instructions.
Protein content was measured by the BCA protein assay reagent kit with
albumin as standard (PIERCE). Values of secreted insulin were normal-
ized to protein content.

2.6. Measurement of dve transfer

Gap junction-mediated communication between f-cells regulates the
insulin secretion and insulin biosynthesis. Because HMW HA-coaling
increuased the insulin release and insulin content but not HA-added, we
tested whether the HA-coating increases the insulin secretion and insulin
content have a relationship with gap junctions between HIT-TI5 cells.
HIT-TI5 (5 x 10%) cells were exposed to the HA-couated (0.1, 0.25. and
0.5mg/dish) 35-mm glass coverslip (Ashland, MA) and incubated for 24 h
to evaluate dye coupling using Lucifer yellow. The cells were rinsed with
phosphate-buffered saline {[PBS(+)] containing Ca®*/Mg>*, and 3ml of
PBS(+) containing 1% BSA and 10mm HEPES (pH 7.4) were added to
keep a sufficient pH stability under the microscope. The junctional
coupling of HIT-T15 cells was determined by injecting Lucifer yellow into
individual cells within monolayer clusters. Injections were performed on a
phase-contrast microscope with InjectMan NI2 and microinjector
Femtolet (Eppendorf AG. Germany) using glass micropipette thal were
filled with a 4% solution of Lucifer yellow CH (MW 457.2) dissolved in
0.33 m lithium chloride, as previously described [11]. An injection pressure
of 6.5 psi for 200 ms was used for euch injection. The coupling extent was
evaluated by counting dye-transferred cells at 2min after microinjection.
There was no leakage of injected dye into the medium.

2.7. Western blot analysis

HIT-T15 cells were grown into the various concentration of HA-coated
100-mm plastic dishes (0.1, 0.25. and 0.5mg/dish) (FALCON 3003;
Falcon) for 24 h, rinsed with Ca>* /Mg * -free PBS(—) und then lysed in
CelLytic™-M lysis/extraction reagent (Sigma). Protein content was
measured by the BCA protein assuy reagent kit (PIERCE). Samples of
total extracts (20 pg proteinflane) were fractionated by eletrophoresis in a
10% sodium dodecyl sulfute polyacrylamide gel electrophoresis
(SDS-PAGE). The contents of the gels were transferred to PVDF
membranes (Clear Blot Membrane-P). Membranes were saturated for 2h
at room temperature in Block Ace (Dainippon Pharmaceutical Co..
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tapan) and then were incubated with antibodies direcled against Cx43
1:1000) and f-actin (1:1000) as the primary antibody overnight at 4°C.
after repeated rinsing in PBS-Tween, the immunoblots were incubated
aith u peroxidase-conjugated antibody against rabbit (1:5000) at room
-emperature for | h. Membranes were developed by enhanced chemilumi-
nescence according to the manufacturer’s instructions (Amersham
Pharmacia Biotech).

3. Resiilts——
3.1, Cell viability

In order to evaluate the affect of HMW HA on cell
viability, HIT-T15 cells were incubated with HA-coated
(0.01, 0.05, 0.1, 0.5, and 1.0 mg/dish) or -added (0.01, 0.05,
0.1, 0.5, and 1.0mg/ml) for 24h. After 24h exposure to
HA-added, there was no significant change in the viable
HIT-T15 cell number at the low concentration of HA-
added (<1.0 mg/dish) compared to control. In contrast,
after 24 h of incubation, the cell viability of HIT-T15 cells
grown on high concentration HA-coated dishes (=1.0mg/
dish) was significantly less than on low concentration HA-
coated and control (Fig. 1). Therefore, all further studies
were conducted using low concentration of HA (<0.5mg/
dish).

3.2 Insulin secretion and insulin content
HIT-T15 cells, retain glucose-stimulated insulin secre-

tion, showed an increase in insulin secretion as a function
of stimulation. Thus, their insulin output was 2.73+0.36

[} HA-coated

HA-added

-t

N

O
T

ey

o

o
T

80+

60+

40+

Relative viable cell number (% of control)

Control  0.01 0.05 0.1 0.5 1.0
HA concentration {mg/dish)

Fig. |. Concentration-dependent effects of HA-treatment on viability of
HIT-T15 cell. After HIT-T15 cells were incubated with HA-coated or HA-
added for 24 h. the viable cell numbers of HIT-T15 cell were determined
by WST-§ ussay as described in methods. Each value denotes the

mean 4+ S.D. of three separaie experiments. +P<0.05 compared 1o control
under the HA-coated condition.

and 3.90+0.41 pg/ug protein in the base and glucose-
stimulation (11.1mm), respectively (7 = 9 dishes from three
independent experiments). When these cells were exposed
to a low concentration of HA-coating (0.1, 0.25, and
0.5mg/dish) for 24h, their insulin secretion was signifi-
cantly increased in the presence of glucose-stimulation
(Fig. 2). However, in contrast, when HIT-T15 cells were
incubated with HA-addition for 24 h, the increasing effect
was not exhibited. The insulin secretion was without a
difference between control and HA-addition (Fig. 2). On
the other hand, after acid-ethanol extraction, we found that
the insulin content of the HIT-T15 cells grown onto the
HA-coated dishes was significantly increased but not HA-
added (Fig. 3).

GIIC and Cx43 are thought to be crucial regulatory
mechanisms of insulin secretion and insulin content. As
described above, HA-coating increased insulin secretion
and insulin content of the HIT-T15 cells. In addition, Park
and Tsuchiya [6] reported that HMW HA-coating can
enhance the function of GJIC in normal human dermal
fibroblasts but not HA-addition. Hence, all further studies
on the mechanism of insulin secretion and insulin content
were conducted using HA-coating.

3.3. Dye transfer

We assessed the function of GJIC using Lucifer yeliow
by counting the number of dye-transferred cells at 2min

] HA-coated
B2 HA-added

Insulin release (py/ g protein)
=N

Control 0.1 0.25 0.5
HA concentration (mg/dish)

Fig. 2. Insulin secretion from HIT-T15 cells by HA-treatment. HIT-T15
cells were incubated with HA-coating (03) or HA-added (H) for 24 h and
then stimulated for 60min with 11.1mm glucose in KRB buffer, The
released insulin in the spent medium was determined by ELISA insulin kit.
Each value denotes the mean+S.D. of three separate experiments.
* P <0.05, compared to control in the presence of glucose.
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L2l

l:] HA-coated

Insulin content (pg/ g protein)

Control 0.1 0.25 0.5
HA concentration (mg/dish)

Sig. 3. Insulin content of HIT-T15 cells incubated with HA-coated (0)
md HA-added (B). Cells were incubated in the presence of different HA
soncentrations (0.1-0.5mg/dish) for 24 h and then stimulated for 60 min
with 1.1 mm glucose. The insulin content in the extracts was determined
oy ELISA insulin kit. Each value denotes the mean+S8.D. of three
separate experiments, * P<0.01 and ** P<0.001 compared to control.

after microinjection. Fig. 4A shows the patterns of dye
transfer in HIT-T1S cells treated with HA-coating (0.1,
.25, and 0.5 mg/dish) for 24 h. Most microinjections led to
the interceltular transfer of Lucifer yellow, indicating the
frequent coupling of HIT-T15 cells. Under control condi-
tions, microinjection experiments revealed that 47.1% of
HIT-T15 cells transferred Lucifer yellow with a limited
number (1.5+0.6) of microinjection cells. In HA-coated
conditions, almost injected cells (95%) showed Lucifer
yellow dye transfer, the number of Lucifer yellow-
transferred cells (3.241.3, 44419, and 4.1+ 1.9, respec-
tively) was more than that of the control condition
(P<0.001) (Fig. 4B), which indicated that GJIC function
was activated by the HA-coating.

3.4. Cx43 expression

Cx43 is the 43-kDa member of a conserved family of
membrane spanning gap-junction proteins. To provide
further evidence that the HA-coating increased the func-
tion of GJIC, relative to the levels of actin, comparable
levels of immunolabeled Cx43 was detected in 0.1, 0.25,
and 0.5mg/dish of HA-coating cells. Whole cell lysates
from HA-coated dish were subjected to SDS-PAGE.
Immunoblot analysis was performed with an antibody
that specifically recognized Cx43 or f-actin. A Western
blot analysis revealed that Cx43 proteins are present in
cultured HIT-TIS cells in three forms at 43kDa region,
consisting of a nonphosphorylated form and phosphory-
lated forms (Pl and P2). HA-coating appeared to induce a

greater concentration-dependent increase in all three Cx43
protein levels than control. However, the protein level of
f-actin was no different from them (Fig. 5), indicating HA-
coating increases the function of GJIC via the expression of
Cx43. To account for differences in loading, proteins were
both stained with Coomassie blue and immunolabeled for
f-actin. The latter staining, which did not change in our
experiments relative to that of Coomassie blue (data not
shown), was used as an internal standard. These results
suggested that HA-coating specifically increased the Cx43
protein but not all cell proteins of HIT-T15 cells.

4. Discussion

The transplantation strategy of bioartificial pancreas is
to construct bioartificial tissues in vitro from cells or islets
and a support matrix and implant the construet into the
body in place of the original. The support matrix must be
able to maintain the functions of differentiated cells or
contain and/or be able to release appropriate biological
signaling information to promote and' maintain cell
adhesion and differentiation. HA is a high-molecular-mass
polysaccharide of support matrix in the body, which is
believed to play roles in maintaining various physiological
functions including water and plasma protein homeostasis,
cell proliferation, cell locomotion, and migration [3]. HA is
plentiful, easy to extract and mold into a variety of shape,
and biodegradable. Tt is thus widely used matrix biomater-
ial for bioartificial tissues [10]. In this study, we investi-
gated whether administration of various concentration of
HMW HA influences the viability, GJIC, and insulin
secretion of pancreatic fS-cells as a matrix biomaterial of
bioartificial pancreatic constructs.

Previous study has shown that HMW (310 and 800 kDa)
HA-coating (2.0 mg/dish) resulted in low adhesiveness to
the cells and the decrease of viability in normal human
dermal fibroblasts, because of the change in GJIC
functions and induction of wvarious genes including
cytokines, adhesion molecules, and growth [factors
{6,11,12]. In the present study, similar results were
obtained. After 12h, the HIT-TI5 cells grown into Jow
concentration HA-coated dishes (0.1, 0.25, and 0.5mg/
dish) and control cells already had attached and confiuent
but not high concentration HA-coated dishes (=1.0mg/
dish). We showed that treatment with high concentration
of HMW (1680kDa) HA-coated dose dependently inhib-
ited the viability of HIT-T15 cells. In contrast, there was
no diffcrence in viability of HIT-T1S cells between the
control and HA-added dishes. These results indicated that
among the individual qualities of ECM, the viscosity plays
a decisive role. The changes of cell viability by HA-
treatment may depend on the cell attachment activity. The
difference in cell attachment activity may depend on the
surface structure of the coated HA, because the HMW
HA-coated surface provides a stable anionic surface that
prevents cells attachment at the early time [13], This result
suggests that the molecular-weight size of HA and its
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" Control

(A) 0.25 mg/dish

0.5 mg/dish

7

Cell number of dye transfer (cells)

Control 0.1

0.25 0.5

(B) ~ HA-coated concentration (mg/dish)

Fig. 4. Concentration-dependent effects of HA-coating on dye transfer in HIT-T15 cells. Cell adherent to alass coverslips were microinjected with 4%
Lucifer yellow. Transfer of dye to neighboring cells was assessed by epifluorescence microscopy 2min later. This is a representative expression of 18
injections per group (A). The number of neighboring cells that received dye was quantified (B). Each value expressed as the meun £8.D. (7= 18).

= P <().001 compared to control.

application method and concentration are important
factors for generating biocompatible tissue-engineered
products. ‘

It has been reported that single f-cells (which cannot
form gap junctions) show alterations in both basal and-
stimulated release of insulin, in protein biosynthesis, and in
the expression of the insulin gene. The sustained stimula-
tion of insulin release is associated with an increase in
B-cells coupling, in the expression of gap junctions by a

unique mechanism for direct equilibration of ionic and
molecular gradients between nearby cells [14-16]. In this
study, we found that the insulin release and insulin content
are increased and GJIC activity was enhanced in cultured
HIT-T15 cells by low concentration HMW HA-coating in
spite of the inhibitory effects on the cell viability in high
concentration HA-coating dishes. This finding was con-
sistent with previous reports. The effect of HA may be
influenced by the viscosity of HA, the concentration of
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HA concentration (mg/dish)

Control

Cx43 [

Actin

Fig. 5. Identification of Cx43 in HIT-T15 cells grown Qh the HA-coating dish by Western blot analysis. After HIT-T15 cells were incubated into HA-
conted dish for 24 h. cells weve lysed and proteins (20 pg) were separated by SDS-PAGE followed by Western blotting using rabbil anti-Cx43 antibody.
Actin immunostaining was used to assess equivalent protein loading. This is a representative autoradiogram of three experiments.

FBS and the nutrients in media such as hormone, growth

factor (FGF, etc.), cell adhesion molecule (N-CAM and
cadherins), and transportation protein [6,17]. As a result, -

the HIT-T15 cells can use these nutrients and the nutrient-
enriched substrata (e.g. natural ECMs) by ionic interaction
and the binding of HMW HA to various kinds of
cytokines, to change the cell aggregations, resulting in the
increase of GJIC. With the evidence above, the enhance-
ment of GJIC activity induced by HA-coating participated
in the regulation of insulin release and insulin biosynthesis,
On the other hand, the glucose stimulus-secretion coupling
in f-cells generated several signals, including a signal to
secrete preformed insulin stored in secretory vesicles, a
signal, which may be the same or different, to secrete newly
made insulin. and a signal to synthesize more insulin. The
mechanism of glucose-induced insulin secretion is distinct
from that of glucose-induced proinsulin biosynthesis and
insulin gene transcription [18]). Moreover, the qualities of
ECM affect the insulin release [19]. Therefore, it is possible
that HA-coated dishes promoted a large increase in insulin
synthesis but only a modest increase in insulin release. The
detailed action mechanism should be investigated in the
next study.

In native and tumoral insulin-producing pancreatic
f-cells, gap-junction protein Cx43 has been identified.
Furthermore, the stable transfection of the gene coding for
Cx43 induces the expression of functional gap-junction
channels and improves both the biosynthetic and secretory
defects of the cells. Cx43-transfection and incidence of
junctional coupling also secrete more insulin than wild-type
and noncommunicating cells, the absence of Cx43 im-
plicated in the loss of f-cell-specific functions in vitro and
in vivo [9,14]. In this study, HA-coating expressing high
levels of the Cx43, gap junctions, and coupling, showed the
striking enhancement of the amounts of stored hormone in
HIT-T15 cells and promoted the glucose-induced insulin
release, indicating that adequate levels of Cx43 and
coupling are required for proper insulin production. These
results provide further evidence that HA-coating increases
the pancreatic -cells function by enhancing the function of
Cx43-mediated GJIC.

5. Conclusion

In conclusion, the function of GJIC is considered to
be a useful marker for evaluating tissue-engineered
“products. The data obtained in this study show that gap
junctions contribute to regulating some still-unknown
mechanism to couple the stimulus-secretion of HIT-T15
cells under the condition of low concentration HA-coating.
The growth regulation with a bioartificial pancreatic
construct using HA is achievable. These results give
useful information on design biocompatibility of HA
when the HA is used as a biomaterial for bioartificial
pancreas. HA-coating may be a new technique for
constructing three-dimensional bioartificial pancreas in
tissue engineering.
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Abstract:  Human mesenchymal stem cells (hMSCs) have the capacity to proliferate
and differentiate into multiple cells etc. Polysaccharides can modulate the
cell proliferation of human endothelial cell. Here, we investigated the role
of different kinds of new polysaccharides to regulate the gap junctional
intercellular communication (GJIC) and cell proliferation of cultured
normal human dermal fibroblasts (NHDF) cells and hMSCs. The NHDF
_cells and hMSCs were cultured for 4 days with new polysaccharides. The
cultures were then analyzed to verify the extent of GJIC by the scrape-
loading dye transfer (SLDT) method, using Lucifer yellow. Alamar blue
staining was performed to determine the proliferation of the cultured
cells. In NHDF cells, the GJIC was significantly inhibited in cells treated
with different kinds of new polysaccharides. On the contrary, in hMSCs,
the GJIC was slightly inhibited in all cultured treated cells. But
proliferation was enhanced in both cells with "different polysaccharides,
the extents of cell proliferation was stronger in hMSCs than in NHDF
cells. These findings reveal that new polysaccharides seem to play an
important role in hMSCs, thus provide a novel tool on tissue engineering.

. Keywords:  GIIC, Proliferation, NHDF, hMSCs.

1. INTRODUCTION ‘ :
Human mesenchymal stem cells (h(MSCs) are multipotent cells have the
capacity to proliferate and differentiate into bone, cartilage and adipocytes,
and are useful for human cell and gene therapies [1]. Polysaccharides are
macromolecules formed from many sugar units connected by glycosidic
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