610 M. Nagahata et al. | Biochemical and Biophysical Research Communications 315 (2004) 603-611
None -
Oh Sf3
o o $0;”—0
-}
oo o stabilize the cytokine
24h of bFGF
N<cad ¢ ‘*
Cxd3 11
N-cad T, Cx437
® * aggregation
<> <
(S, S¥SD ., f
N-cad 1 ALPase T
x43 T i
A
Y
Al Pase T 24-48 h AlPase T T T Bone formation

© Cytokine derived from FBS

(bFGF)

B Cell attachment factor derived from FBS
(fibronectin collagen etc.)

Fig. 10. SHya regulation of rat osteoblast cell differentiation.

AlLPase activity was examined using the Azo staining
method. The increased ratio and value of rOB cell AL-
Pase activity with addition of SHya was higher than that
of the control or Hya addition afier 8 h. From the above
results, the differentiation of rOB cells is promoted in
aggregation, but the degree of proliferation is low as a
whole. Therefore, it was shown that SHya controls rOB
cell proliferation and differentiation, and that it espe-
cially promotes the differentiation. In this experiment,
AlLPase activity is enhanced while the expression of N-
cad and Cx43 of rOB cells rises (Figs. 3, 6, and 7).
Therefore, the expression of N-cad and Cx43 of rOB
cells forming aggregations rises, and seems to promote
the differentiation function, ALPase activity is enhanced
with the aggregation formation of rOB cells.

In this experiment, 10% FBS was included in the
culture medium. A serum of the usual 5-10% was in-
cluded for the general culture medium used by the ceil
cultures of in vitro. The serum contained many com-
ponents such as hormone, growth factor, cell adhesion
molecule, and transportation protein {32). Therefore,
SHya interacted with the serum component, and it
seemed to affect the cell. We examined the effect on the
rOB cells by adding SHya to the serum-free medium. As
the result, aggregations were not formed. However,
when SHya coexisted with the serum, rOB cells formed

aggregations. The interaction between the cell aggrega-
tion and the serum component such as FN, bFGF, and
SHya was examined. In the case of FN, there was no
effect on the cell aggregation. However, in the case of
bFGF, cell aggregations were observed in both condi-
tions with and without 2.1SHya. Therefore, it seems to
relate the function of bFGF to the cell aggregation. N-
cad expression of osteoblast by bFGF has been reported
[22].

From these results, the eflects of SHya on rOB cell
function were not from the SHya alone; the data indi-
cated that SHya affected rOB cell aggregation, prolif-
cration, and differentiation by interacting with the serum
component such as FGF and ECM (Fig. 10).

In conclusion, early expression of N-cad and Cx43 by
SHya is the key to forming aggregations and enhancing
the ALPase activity in tOB cells.

Acknowledgments

This work was partially supported by a Grant-in-Aid for the 21st
Century COE Program and a Grant-in-Aid for Scientific Research {B)
(14350495) by the Ministry of Education, Culture, Sports, Science and
Technology, and Health and Labour Sciences Research Grants,
Research on Advanced Medical Technology, Ministry of Health,
Labour and Welfare, and Japan Health Sciences Foundation.



M. Nagahata et al | Biochemical and Biophysical Research Communications 315 (2004) 603-611 611

References

{11 1.C. Adams, F.M. Watt, Regulation of development and differ-
entiation by the extracellular matrix, Development 117 (1993)
1183-1198.

[2} C.-H. Tang, R.-8. Yang, H.-C. Liou, W.-M. Fu, Enhancement of
fibronectin synthesis and fiibrillogenesis by BMP-4 in cultured rat
osteoblast, J. Bone Miner. Res. 18 (2003) 502-511,

[3] F. Blanuaert, D. Barritault, J.-P. Caruelle, Effects of heparin-like
polymers associated with growth factors on osteoblast prolifera-
tion and phenotype expression, J. Biomed. Mater. Res. 44 (1999)
63-72.

[4] D.1. Baylink, R.D. Finkelman, S.E. Mohan, Growth factors to
stimulate bone formation, J. Bone Miner, Res. 8 {1993) §565-
8572

[5] H. Ueda, L. Hong, M. Yamamoto, K. Shigeno, M. Inoue, T.
Toba, M. Yoshitani, T. Nakamura, Y. Tabata, Y. Shimizu, Use of
collagen sponge incorporating transforming growth factor-bl to
promote bone repair in skull defects in rabbits, Biomaterials 23
(2002) 1003-1010.

(6] A. Pilloni, G.W. Bernard, The effect of hyaluronan on mouse
intramembranous osteogenesis in vitro, Cell Tissue Res. 294
(1998) 323-333.

[7] R. Barbucci, A. Magnani, M. Casoraro, N. Marchettini, C.
Rosshi, M. Bosco, Modification of hyaluronic acid by insertion of
sulphate groups to obtain a heparin-like molecule. Part [.
Characterisation and behaviour in aqueous solution toward H*
and Cu?* ions, Gazzetta Chim. Italiana 125 (1995) 169-180.

[8] K. Nagasawa, H. Uchiyama, N. Wajima, Chemical sulfation of
preparations of chondroitin4 and 6-sulfate, and dermatan sulfate
preparation of chondroitin sulfate like materials from chondroi-
tind- sulfate, Charbohyd. Res. 158 (1986} 183-190.

{9] F. Dol, C. Caranobe, D. Dupony, M. Petitou, J.C. Lormeau, J.
Choay, P. Sie, B. Boneu, Effects of increased sulfation of
dermatan sulfate on its in vitro and in vivo pharmacological
properties, Thrombosis Res. 52 (1988) 153-164.

[10] 1. Yamamoto, K, Takayama, K. Honma, T. Gonda, K. Matsu-
zaki, K. Hatanaka, T. Uryu, O. Yoshida, H. Nakashima,
N. Yamamote, Y. Kaneko, T. Mimura, Synthesis, structure and
antiviral activity of sulfates of cellulose and its branched deriv-
atives, Carbohydr. Polymers 14 (1991) 53-63.

[11] R. Whistler, A.H. King, G. Ruffini, F.A. Lucas, Sulfation of
cellulose with sulfur trioxide—dimethyl sulfoxide, Arch. Biochem.
Biophys. 121 (1967) 358-363.

[12] R.L. Whistler, D.G. Unrau, G. Ruffini, Preparation and proper-
ties of & new series of starch sulfates, Arch. Biochem. Biophys. 126
(1968) 647-652.

{13] C.T. Wright, M. Petitou, Structural determinants of heparin’s
growth inhibitory activity, J. Biol. Chem, 264 (1980) 1534-1542.

[14] T. Hamano, H. Suzuki, A. Teramoto, E. Tizuka, K. Abe,
Functional culture of human periodontal ligament fibroblast
(HPLF) on polyelectrolyte complex (PEC), J. Macromol. Sci.
Chem. A 35 (2) (1998) 439455,

[15] G. Anderegg, H. Flaschka, R. Sallmann, G. Schwarzenbach,
Metallindikatoren VII. Ein auf Erdalkaliionen ansprechendes
Phatalein und sein analytische Verwendung, Helv. Chim. Acta 37
(1954) 113-120.

[16] T. Hamano, D. Chiba, K. Nakatsuka, M, Nagahata, A. Teram-
oto, Y. Kondo, A. Hachimori, K. Abe, Evalution of a polyelec-

trolyte complex (PEC) composed of chitin derivatives and
chitosan, which promotes the rat calvarial osteoblast differentia-
tion, Polym. Adv. Technol. 13 (2002) 46-53.

[17] N. Matsuda, M. Horikawa, L.-H. Wang, M. Yoshida, K. Okaichi,
Y. Okumura, M. Watanabe, Differntial activation of ERX 1/2 and
JNK in normal human fibroblast-like cells in response to UVC
radiation under different oxygen tensions, Photochem. Photobiol.
72 (2000) 334-339.

[18] O.H. Lowry, N.R. Roberts, M.-L. Wu, W.S. Hixon, EJ.
Crawford, The quantitative histochemistry of brain. II, enzyme
measurements, J. Biol. Chem. 207 (1954) 19-37.

[19] LS. Liy, CK. Ng, A.Y. Thompson, J.W. Poser, R.C, $piro,
Hyaluronate-heparin conjugate gels for the delivery of basic
fibroblast growth factor (FGF-2), J. Biomed. Mater. Res. 62
(2002) 128-135.

{20] A. Walker, J.E. Tumbull, I.T. Gallagher, Specific heparan sulfate
saccharides mediate the activity of basic fibroblast growth factor,
J. Biol. Chem. 269 (1994) 931-935,

[21] H.B. Nader, T.M. Ferreira, LF. Paiva, M.G. Medeiros, S.M.
Jeronimo, V.M. Paiva, C.P. Dietnich, Isolation and structural
studies of heparan sulfates and chondroitin sulfates from three
species of mollusks, J. Biol. Chem, 259 {1984) 1431-1435.

[22] P.J. Marie, Role of Ncadherin in bone formation, J. Cell. Physiol.
190 (2002) 297-305.

{23] T. Tsutsumimoto, S. Kawasaki, §. Ebara, K. Takaoka, TNF-a
and JL-1b suppress N-cadherin expression in MC3T3-E! cells, 1.
Bone Miner, Res. 14 {1999) 1751-1760.

{24] E.A. Clark, J.S. Brugger, Integrins and signal transduction
pathways: the road taken, Science 268 (1995) 233-239.

[25] Y. Takeuchi, M. Suzawa, T. Kikuchi, E. Nishida, T. Fujita, T.
Matsumoto, Differentiation amd transforming growth factor-
receptor down-regulation by collagen-2] integrin interaction is
mediated by focal adhesion kinase and its downstream signals
in murine osteoblastic cells, J. Biol. Chem. 272 (1997) 29309-
29316.

[26] Z. Li, Z. Zhou, C.E. Yellowley, H.J. Donzhue, Inhibiting gap
junctional intercellular communication alter expression of
differentiation markers in osteoblastic cells, Bone 25 (1999)
661-666.

[27] H.J. Donahue, Z. Li, Z. Zhou, C.E. Yellowley, Differentiation of
human fetal osteoblastic cells, Am. J. Physiol. Cell. Physiol. 278
(2000} 315-322,

[28} P.C. Shiller, G. D'ippolito, W. Balkan, B.R. Roos, G.A. Howard,
Gap-junctional communication is required for the maturation
process of osteoblastic cells in culture, Bone 28 (2001) 362-369,

[29] H. Chiba, N. Sawada, M. Oyamada, T. Kojima, $. Nomura, S.
Ishii, M. Mori, Relationship between the expression of the gap
junction protein and osteoblast phenotype in a human osteoblas-
tic cell line during cefl proliferation, Cell Struct. Funet, 18 (1993)
419-426.

[30] C.G. Bellows, J.E. Aubin, J.N. Heerche, M.E. Antosz, Mineral-
ized bone nodules formed in vitro from enzymatically released rat
calvaria cell populations, Calcif, Tissue Int. 38 (1986) 143-154.

[31] C. Moorby, M. Patel, Dual functions for connexins: Cx43
regulates growth independently of gap junction formation, Exp.
Cell Res. 271 (2001) 238-248,

[32] A.L. Koenig, V. Gambillara, D.W. Grainger, Correlating fibro-
nectin adsorption with endothelial cell adhesion and signaling on
polymer substrates, J. Biomed. Mater. Res. 64A (2003) 20-.37.



3B2v8.06a/w (Dec 52003).51¢

Prod.Type:FTP

pp.-1—7(col.fig.:NIL)

ED:B.P.Ramya
PAGN:Jay SCAN:Venki

XML:ver:5.0.1

JBMT : 4207

11

13

15

17

19

21

23

25

27

29

31

33

35

37

39

41

43

45

47

49

51

53

55

Available online at www.sciencedirect.com
BCIENCE @om ECT*

Biomaiterials 8 (#131) KN-111

Biomaterials

www.elsevier.comflocate/biomaterials

The response of normal human osteoblasts to anionic polysaccharide
polyelectrolyte complexes

Misao Nagahata®™!, Ryusuke Nakaoka®*! Akira Teramoto®, Koii Abe®,
Toshie Tsuchiya®

*Division of Medical Devices, National Institute of Health Sciences, I1-81-] Kamiyoga, Setagaya-ku, Tokyo 158-8501, Japan
®Department of Functional Polymer Science, Faculty of Textile Science and Tecknology, Shinshu University, Ueda 386-8567, Japan

Received 10 September 2004; accepied 7 January 2005

Abstract

Polyelectrolyte complexes (PEC) were prepared from chitosan as the polycation and several synthesized functional amion
polysaccharides, and their effects on cell attachment, morphology, proliferation and differentiation were estimated using normal
human osteoblasts (NHOst). After a {-week incubation, PEC made from polysaccharides having carboxy! groups 2s polyanions
showed low viability of NHOst on it although the NHOst on it showed an enhancement in their differentiation level. On the other
hand, NHOst on PEC made from sulfated or phosphated polysaccharides showed similar attachment and morphology to those on
the collagen-coated dish. When the number of NHOst was estimated afier 1 week, the number on the PEC was ranged from 70% to
130% of those on the collagen-coated dish, indicating few effects of these PEC on cell proliferation. In addition, NHOst on PEC
films made from sulfated polysaccharides differentiated to a level very similer to that observed on the collagen-coated dish,
indicating that these PEC films maintain the normal potential of NHOst to both proliferate and differentiate. Measurement of gap
Jjunctional intercellular communication of NHOst on PEC revealed that PEC did not inhibit communication, suggesting that PEC
films have few effects cn cell homeostasis. Thus, PEC made from the sulfated polysaccharide may be 2 useful material as a new
scaffold for bone regeneration.
© 2005 Published by Elsevier Ltd.

Keywords. Polyelectrolyte complex; Normal human osteoblasts; Cell proliferation; Cell differentiation; Gap junctional intercellular communication

1. Introduction

The extracellular matrix (ECM) provides an essential
three-dimensional (3D) environment for cells to con-
struct .several kinds of tissues. The ECM, consisting of
numerous kinds of molecules such as proteins, poly-
saccharides and proteoglycans regulates the behavior of
surrounding cells to form tissues and organs precisely
(1,2). For tissue regeneration trials using in vitro
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techniques, therefore, it is indispensable to develop a
synthetic ECM scaffold that functions similarly to the
native ECM. For more than a decade, engineering of
new tissues by using selective cell transplantation on
polymer scaffolds as an artificial ECM instead of tissue
transplantation to other living bodies has been studied
[3.4]. Recently, many studies on developing a scaffold
for tissue regeneration have been done using ECM
proteins such as collagen and gelatin [5-7], biodegrad-
able synthetic polymers [8-10] and polysaccharides
[11,12]. Because proteins derived from human tissues
have many problems such as antigenicity or potential
for infection, a biocompatible synthetic polymer or
polysaccharide may be preferable for tissue regenera-
tion.

57

59

61

63

65

67

69

71

73

75



1
13
15
17
19
21
23
25
27
29
31
33
35
37
39
41
43
45
47
49
51
53

55

[JBMT : 4207]

M. Nagahata et al [ Biomaterigls 1 (1in1} pI-1A 3

2.2. Preparation of PEC and PEC-coated dishes

Polyanions were dissolved individually in distilled
water (final concentration = 5 x 10™*mol of ionic sites/
1), and the pH of the solutions was adjusted to 7.4 by
adding aqueous HCl or NaOH. Chitosan was dissolved
in aqueous 0.5% acetic acid solution and the pH
adjusted to 6.0. The ratio of the solutions of polyanions
and polycation was adjusted in each combination to
neutralize the charge balance of PEC. This mixed
solution (1ml/35mm tissue culture dish) was allowed
to stand overnight at room temperature. After removing
the supernatant solution, the dish was dried and
annealed at 65°C in an oven. Then, the dishes were
washed with distilled water and oven-dried again to
form the PEC-coated dish. This dish was sterilized for
3min in a microwave oven. Water contact angles of
PEC films were measured with the sessile drop method
[23], and their zeta potentials were measured by Otsuka
Electronics Co., Ltd. {(Osaka, Japan).

2.3, Cell culture

NHOst were purchased from BioWhittaker Inc.
(Walkersville, MD). The standard cuiture of NHOst
was performed using alpha minimum essential medium
(Gibco, Grand Island, NY) containing 20% fetal calf
serum (FCS) (Kokusai Shiyaku Co., Ltd., Tokyo
Japan}. The cells were maintained in incubators under
standard conditions (37°C, 5%-C05-95%-air, satu-
rated humidity). All assays were performed using alpha
minimum essential medium containing 20% FCS,
supplemented with 10mM beta-glycerophosphate.
NHOst cells (1 x 10°cells/dish/2.5m] medium) were
cultored on PEC-coated dishes to evaluate the effects
of their interaction with PEC. In each experiment, the
medium was changed three times before GJIC of the
cells was measured and their differentiation level was
evaluated after a 1-weck incubation.

2.4. Estimation of differentiation level of NHOst cultyred
on PEC films

The proliferation of NHOst cells cultured on PEC
films was estimated by Tetracolor One assay (Seikagaku
Co., Tokyo, Japan), which incorporates an oxidation-
reduction indicator based on detection of metabolic
activity. After a I-week incubation, 50pul of Tetracolor
One solution was added to each test dish, followed by a
further 2h incubation. The absorbance of the super-
natant at 450nm was estimated by pQuant spectro-
photometer (Bio-tek Instruments, Inc., Winooski, VT).
Estimation of alkaline phosphatase {(ALP) activity was
performed according to an original procedure by
Ohyama et al. [24]. After estimating the proliferation
of the NHOst cells cultured on PEC films, the cells were

washed by phosphate-buffered saline (PBS(-)), fol-
lowed by addition of 1ml of 0.1 M glycine buffer (pH
10.5) containing 10mM MgCl,, 0.1mM ZnCl, and
8mM p-nitrophenylphosphate sodium salt. After in-
cubating the cells at room temperature for 7min, the
absorbance of the glycine buffer was detected at 405 nm
using pQuant to evaluate the ALP activity of the test
cells. The amounts of calcium deposited by the cell
during a 1-week incubation were evaluated as follows:
after fixing the cells in PBS(—) containing 3% for-
maldehyde and washing the cells with PBS(-), 0.5m] of
0.1M HCI was added to each well. The amounts of
calcium dissolved in HCl were estimated using 2 calcium
detecting kit {Calcium-C test Wako, Wako, Osaka,
Japan) according to manufacturer’s instruction.

2.5. Measurements of GJIC activity

NHOst cultured on PEC films were subjected to
fluorescence rtecovery after photobleaching (FRAP)
analysis to estimate the inhibitory activity of these films
on the GIIC. FRAP analysis was carried out according
to the procedure of Wade et al [25] with some
modifications [21). Briefly, NHOst were plated on
PEC-coated dishes and incubated for ! or 7 days. The
cells were incubated for Smin at room temperature in
PBS(~) containing Ca?* and Mg?>* (PBS(+)) and a
fluorescent dye, 5,6-carboxyflucrescein diacetate. After
washing off excess extracellular dye with PBS(+), the
cells in PBS(+) contacting at least two other cells were
subjected to FRAP analysis under a Ultima-Z confocal
microscope (Meridian Instruments, Okemos, MI) with a
10 x objective lens at room temperature. The cells were
photobleached with a 488 nm beam, and recovery of
fluorescence intensity was subsequently monitored at 1-
min intervals for a total of 4min. The data obtained
from more than seven independent cells were expressed
as the average ratio of the fluorescence recovery rate to
the rate obtained from NHOst cultured on a collagen-
coated dish.

2.6. Statistic analysis

All data were expressed 2s mean values+-standard
deviation of the obtained data. The Fisher-Tukey
criterion was used to contro! for multiple comparisons
and to compute the least significant difference between
means.

3. Results and discussion

‘When NHOst were cultured on five kinds of PEC
films, their morphology and attachment to the fim
differed with the composition of the PEC. Fig, 2 shows
the morphologies of the NHQOst adhering to PEC films.
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Table 1
Zeta potentizls of varjous PEC prepared on a culture dish
Culture S-PEC CM-PEC P-PEC SHA-PEC HA-PEC
Zeta potential (mV) —587 =280 249 -57 29.5
Table 2
The cell pumber and differentiation of NHOst cultured on various PEC films after 1 week
Samples The cell number (percent against control) ALP activity ; Ca amount .
The celt number {ratio) The ooll number M8/ratic)
Collagencoated dish 1000+17.0 1.00+0.15 34405
S-PEC 822+6.1 0.98+0.11 107436
CM-PEC 6.0+2.6" 0.05+0.08" 274+3.0°
P-PEC 130.4+6.3 0.02+0.01" 25408
SHA-PEC 71.4+22.1 1351048 21410
HA-PEC 8.1+3.0° 0.52+0.31 383+123°
Chitosan 79.5+250 09310.13 274120

"p<0.01 against collagen-coated dish.

with a carboxyl group, such as HA-PEC and CM-PEC,
showed positive zeta potentials. In addition, P-PEC
showed a positive potential less than that of HA-PEC.
These data indicate that attachment of NHOst on
surfaces with positive zeta potentials is reduced,
suggesting the zeta potential of a PEC film partially
controls cell attachment and morphology. Although all
PEC were prepared by mixing anionic and cationic
pelysaccharides to neutralize their charge, zeta potential
of each PEC film was ranged from —30 to 35mV as
shown in the table. This might indicate that not all
anionic and cationic chemical groups were interacted to
make PEC and their main chain composition and type
of chemical groups may influence their side chain
mobility, resulting in different surface zeta potential of
each PEC. Details of surface properties of PEC films
and their relationship to cell attachment will be reported
in the near future.

After 1-week of incubation on various PEC films, the
differentiation level of NHOst was estimated by
measuring proliferation, alkaline phosphatase (ALP)
activity and the amounts of calcium deposited. Table 2
shows the proliferation and ALP activity of NHOst
cultured on various PEC films as well as the amounts of
calcium deposited on the PEC. The proliferation of
NHOst on the PEC is expressed as a percentage of
proliferation of NHOst on a normal culture dish. The
ALP activity was also calculated as a percentage of the
control and normalized using the results of prolifera-
tion. In addition, the amount of calcium detected was
normalized using the proliferation results as well. After
a l-week incubation, many dark spots, presumably
calcium deposits, were observed on the collagen-coated
dish and other PEC films (Fig. 2). When NHOst were
cultured on CM-PEC or HA-PEC, it was observed that

the NHOst aggregates were covered by the calcium
deposits. It was reported that a surface with carboxyl
group could induce calcium deposition after its incuba-
tion in SBF. However, when the PEC were incubated in
the medium without NHOst, no calcium deposition was
detected. In addition, zeta potential estimation suggests
less carboxyl groups are appeared on a surface of the
PEC. These indicate that calcium deposition occurred
only on aggregated NHOst but not on surfaces lacking
NHOst. Therefore, normalization is necessary to esti-
mate the capacity of PEC films to induce NHOst
differentiation, although the raw values of deposited
calcium or ALP activity are low. In fact, CM-PEC or
HA-PEC films show a capacity to induce NHOst
differentiation comparable to the collagen-coated dish
and other PEC films, judging from the normalized
values of deposited calcium shown in the table, even
though the ratio of NHOst number on them was only
6-8% of that on a collagen-coated dish. Their ALP
activities were, however, much lower than those on the
collagen-coated dish. Incubation of the PEC films
without NHOst for 1 week resulted in no calcium
deposition, irrespective of their composition, suggesting
that the PEC films themselves had no effect on calcium
deposition. Thus, enhancement of calcium deposition on
the PEC films may be ascribed to enhancement of
NHOst functions related to their differentiation even
though their ALP activity was suppressed. The reason
for this inconsistency observed between calcium deposi-
tion and ALP activity must be investigated further,
When sulfated polysaccharides were used to prepare
PEC films, proliferation of NHOst on the PEC films was
70-80% of that on a collagen-coated dish, and ALP
activity was very similar to that on the collagen-coated
dish. This suggests that sulfated polysaccharide PEC
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9
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19
21  Abstract

23 Polyelectrolyte complexes (PEC) were prepared from chitosan as the polycation and several synthesized functional anion
polysaccherides, and their effects on cell attachment, morphology, proliferation and differentiation were estimated using normal
human osteoblasts (NHOst). After a l-week incubation, PEC made from polysaccharides having carboxyl groups as polyanions

25 showed low viability of NHOst on it although the NHOst on it showed an enhancement in their differentiation level. On the other
hand, NHOst on PEC made from suifated or phosphated polysaccharides showed similar attachment and morphology to these on

27 the collagen-coated dish. When the number of NHOSst was estimated after 1 week, the number on the PEC was ranged from 70% to
130% of those on the collagen-coated dish, indicating few effects of these PEC on cell proliferation. In addition, NHOst on PEC

29  films made from sulfated polysaccharides differentiated to a level very similar to that observed on the collagen-coated djsh,

indicating that these PEC films maintain the normal potential of NHOst to both proliferate and differentiate. Measurement of gap

31  junctional intercellular communication of NHOst on PEC revealed that PEC did not inhibit commusication, suggesting that PEC
films have few effects on cell homeostasis. Thus, PEC made from the sulfated polysaccharide may be a useful material as a new

13 scaffold for bone regeneration.
© 2005 Published by Elsevier Ltd.

35 Keywords: Polyelectrolyte complex; Normal human osteobiasts; Celi proliferation; Cell differentiation; Gap junctional intercellular communication

37

techniques, therefore, it is indispensable to develop a

39 L Introduction
synthetic ECM scaffold that functions similarly to the

41 The extracellular matrix (ECM) provides an essential native ECM. For more than a decade, engineering of
three-dimensional (3D) environment for cells to con- new tissues by using selective cell transplantation on
43  struct several kinds of tissues. The ECM, consisting of polymer scaffolds as an artificial ECM instead of tissue
numerous kinds of molecules such as proteins, poly- transplantation to other living bodies has been studied
45  saccharides and proteoglycans regulates the behavior of [3.4]. Recently, many studies on developing a scaffold
surrounding cells to form tissues and orpans precisely for tissue regeneration have been done using ECM
47 [1,2]. For tissue tegeneration trials using in vitro proteins such as collagen and gelatin [5-7), biodegrad-

able synthetic polymers [8-10] and polysaccharides
[11,12]. Because proteins derived from human tissues
have many problems such as antigenicity or potential
for infection, a biocompatible synthetic polymer or

49 *Corresponding author, Division of Medical Devices, National
Institute of Health Sciences, 1-i18-1 Kamiyoga, Setapaya-kn, Tokyo
51 158-8501, Japan. Tel.: + 813 37009264; fax: + 81 33707 6950.
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2.2. Preparation of PEC and PEC-coated dishes

Polyanions were dissolved individually in distilled
water (final concentration = 5 x 10™*mol of ionic sites/
1), and the pH of the solutions was adjusted to 7.4 by
adding aqueous HC] or NaOH. Chitosan was dissolved
in aqueous 0.5% acetic acid solution and the pH
adjusted to 6.0. The ratio of the solutions of polyanions
and polycation was adjusted in each combination to
neutralize the charge balance of PEC. This mixed
solution (1 ml/35mm tissue culture dish) was allowed
to stand overnight at room temperature. After removing
the supernatant solution, the dish was dried and
annealed at 65°C in an oven. Then, the dishes were
washed with distilled water and oven-dried again to
form the PEC-coated dish. This dish was sterilized for
3min in a microwave oven. Water contact angles of
PEC films were measured with the sessile drop method
[23], and their zeta potentials were measured by Otsuka
Electronics Co., Ltd. (Osaka, Japan).

2.3. Cell culture

NHOst were purchased from BioWhittaker Inc.
{Walkersville, MD}. The standard culture of NHOst
was performed using alpha minimum essential medium
(Gibco, Grand Island, NY) containing 20% fetal calf
serum (FCS) (Kokusai Shiyaku Co., Ltd., Tokyo
Japan). The cells were maintained in incubators under
standard conditions (37°C, 5%-CO5-95%-air, satu-
rated humidity). All assays were performed using alpha
minimum essential medium containing 20% FCS,
supplemented with 10mM beta-glycerophosphate.
NHOst cells (1 x 10°cells/dish/2.5ml medium) were
cultured on PEC-coated dishes to evaluate the effects
of their interaction with PEC. In each experiment, the
medium was changed three times before GIIC of the
cells was measured and their differentiation level was
evaluated after a 1-week incubation.

2.4. Estimation of differentiation level of NHOst cultured
on PEC films

The proliferation of NHOst cells cultured on PEC
films was estimaled by Tetracolor One assay (Seikagaku
Co., Tokyo, Tapan), which incorporates an oxidation-
reduction indicator based on detection of metabolic
activity. After a 1-week incubation, 50 p! of Tetracolor
One solution was added to each test dish, followed by a
further 2h incubation. The absorbance of the super-
natant at 450nm was estimated by pQuant spectro-
photometer (Bio-tek Instruments, Inc., Winooski, VT).
Estimation of alkaline phosphatase (ALP) activity was
performed according to an original procedure by
Ohyama et al. [24]. After estimating the proliferation
of the NHOst cells cultured on PEC films, the cells were

washed by phosphate-buffered saline (PBS(-)), fol-
lowed by addition of 1ml of 0.1M glycine buffer (pH
10.5) containing 10mM MgCl,, 0.1mM ZnCl, and
8mM p-nitrophenylphosphate sodium salt. After in-
cubating the cells at room temperature for 7min, the
absorbance of the glycine buffer was detected at 405 nm
using pQuant to evaluate the ALP activity of the test
cells. The amounts of calcium deposited by the cell
during a 1-week incubation were evaluated as follows:
after fixing the cells in PBS(~) containing 3% for-
maldehyde and washing the celis with PBS(-), ¢.5ml of
0.IM HCI was added to each well. The amounts of
calchum dissolved in HC were estimated using a calcium
detecting kit (Calcium-C test Wako, Wako, Osaka,
Japan) according to manufacturer’s instruction.

2.5. Measurements of GJIC activity

NHOst cultured on PEC films were subjected to
finorescence recovery after photobleaching (FRAP)
analysis to estimate the inhibiory activity of these fiims
on the GJIC. FRAP analysis was carried out according
to the procedure of Wade et al [25] with some
modifications {21]. Briefly, NHOst were plated on
PEC-coated dishes and incubated for 1 or 7 days. The
cells were incubated for Smin at room temperature in
PBS(—) containing Ca** and Mg** (PBS(+)) and a
fluorescent dye, 5,6-carboxyfluorescein diacetate. Afier
washing off excess extracellular dye with PBS(+), the
cells in PBS(+} contacting at least two other cells were
subjected to FRAP analysis under a Ultima-Z, confocal
microscope (Meridian Instruments, Okemos, MI) with a
10 x objective lens at room temperature. The cells were
photobleached with a 488 nm beam, and recovery of
fiuorescence intensity was subsequently monitored at 1-
min intervals for a total of 4min. The data obtained
from more than seven independent cells were expressed
as the average ratio of the fluorescence recovery rate to
the rate obtained from NHOst cultured on a collagen-
coated dish,

2.6. Statistic analysis

All data were expressed as mean values +standard
deviation of the obtained data. The Fisher-Tukey
criterion was used to control for multiple comparisons
and to compute the least significani difference between

means.

3. Results and discussion

When NHOst were cultured on five kinds of PEC
films, their morphology and attachment to the film
differed with the composition of the PEC. Fig. 2 shows
the morphologies of the NHOst adhering to PEC films.
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Table 1
Zeta potentials of various PEC prepared on a culture dish
Cultare SPEC CM-PEC P-PEC SHA-PEC HA-PEC
Zeta potential (mV) -58.7 =280 249 —~5.7 295

Table 2

The cell number and differentiation of NHOst cultured on various FEC films after 1 week

Samples ‘The cell number {percent against control ALP activity . Ca amount .
i Gpereentag ) The cell pumber 200 The coll mumber F&/Tati)

Collagen-coated dish 100.0+17.0 1.00£0.15 34405

§-PEC 82246.1 0.9840.11 10.743.6

CM-PEC 6.0+2.6" 0.051+0.08" 27.413.0°

P-PEC 1304+6.3 0.0240.01" 25108

SHA-PEC 71.4+22.) 1.35+0.48 21410

HA-PEC 8.1+3.0° 0.52+0.31 38.3+123"

Chitosan 79.5+25.0 0.93+0.13 27420

“p<0.0] against collagen-coated dish.

with a carboxyl group, such as HA-PEC and CM-PEC,
showed positive zeta potentials. In addition, P-PEC
showed a positive potential less than that of HA-PEC.
These data indicate that attachment of NHOst on
surfaces with positive zeta potentials is reduced,
suggesting the zeta potential of a PEC film partially
controls cell attachment and morphology. Although all
PEC were prepared by mixing aniomic and cationic
polysaccharides to neutralize their charge, zeta potential
of each PEC film was ranged from —30 to 35mV as
shown in the table. This might indicate that noti all
anionic and cationic chemical groups were interacted to
make PEC and their main chain composition and type
of chemical groups may influence their side chain
mobility, resuiting in different surface zeta potential of
each PEC, Details of surface properties of PEC films
and their relationship to cell attachment will be reported
in the near future.

After I-week of incubation on various PEC films, the
differentiation Jevel of NHOst was estimated by
measuring proliferation, alkaline phosphatase (ALP)
activity and the amounts of calchum deposited. Table 2
shows the proliferation and ALP activity of NHOst
cultured on various PEC films as well as the amounts of
calcium deposited on the PEC. The proliferation of
NHOst on the PEC is expressed as a percentage of
proliferation of NHOst on a normal culture dish. The
ALP activity was also calculated as a percentage of the
control and normalized using the results of prolifera-
tion. In addition, the amount of calcium detected was
normalized using the proliferation results as well. After
a l-week incubation, many dark spots, presumably
calcium deposits, were observed on the collagen-coated
dish and other PEC films (Fig. 2). When NHOst were
cultured on CM-PEC or HA-PEC, it was observed that

the NHOst aggregates were covered by the calcium
deposits. It was reported that a surface with carboxyl
group could induce calcium deposition after its incuba-
tion in SBF. However, when the PEC were incubated in
the medium without NHOst, no calcium deposition was
detected. In addition, zeta potential estimation suggests
less carboxyl groups are appeared on a surface of the
PEC. These indicate that calcium deposition occurred
only on aggregated NHOst but not on surfaces lacking
NHOst. Therefore, normalization is necessary to esti-
mate the capacity of PEC films to induce NHOst
differentiation, although the raw values of deposited
calcium or ALP activity are low. In fact, CM-PEC or
HA-PEC films show a capacity to induce NHOst
differentiation comparable to the coflagen-coated dish
and other PEC films, judging from the normalized
values of deposited calcium shown in the table, even
though the ratio of NHOst number on them was only
6-8% of that on a collagen-coated dish. Their ALP
activities were, however, much lower than those on the
collagen-coated dish. Incubation of the PEC films
without NHOst for 1 week resulted in no calcium
deposition, irrespective of their composition, suggesting
that the PEC films themselves had no effect on calcium
deposition. Thus, enhancement of calcium deposition on
the PEC films may be ascribed to enhancement of
NHOst functions related to their differentiation even
though their ALP activity was suppressed. The reason
for this inconsistency observed between calcium deposi-
tion and ALP activity must be investigated further.
When sulfated polysaccharides were used to prepare
PEC films, proliferation of NHOst on the PEC films was
70-80% of that on a collagen-coated dish, and ALP
activity was very similar to that on the collagen-coated
dish. This suggests that sulfated polysaccharide PEC
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Novel mechanism of tumorigenesis: Increased
transforming growth factor-B1 suppresses the expression
of connexin 43 in BALB/c] mice after implantation of
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Abstract: Poly-i-lactic acid (PLLA) is a widely used prom-
ising material for surgical implants such as tissue-engi-
neered scaffolds. In this study, we aimed to determine the i1
vivo effect of PLLA plates on the cellular function of subcu-
taneous tissue in the two mouse strains, BALB/cJ and SIL/],
higher and lower tumorigenic strains, respectively. Gap~
junctional intercellular communication (GJIC) and the ex-
pression of connexin 43 (Cx43) protein wers significantly
suppressed, whereas the secretion of transforming growth
factor-B1 (TGF-B1) level was significantly increased in
PLLA-implanted BALB/cJ mice compared with BALB/c]
controls. However, no significant difference in TGF-81 se-
cretion was observed between the SJL/J-implanted and

SJL/] control mice. We found for the first time that a signif-
icant difference was observed between the two strains; thus,
the PLLA increased the secretion of TGF-B1 and suppressed
the mRNA expression of Cx43 at the earlier stage after
implantation into the higher-tumorigenic strain, BALB/(
mice. This novel mechanism might have a vital role in the
inhibition of GJIC and promote the tumorigenesis in
BALB/c] mice. © 2004 Wiley Periodicals, Inc. ] Biomed
Mater Res 70A: 335-340, 2004

Key words: poly-L-lactic acid; gap-junctional intercellular
communication (GJIC); connexin 43; transforming growth
factor (TGF}-B; tumorigenesis

INTRODUCTION

The implantation of a biomaterial always induces a
host inflammatory response. The extent and resolution
of these responses have a vital role in determining the
long-term success of implanted medical devices.!?
Poly-r-lactic acid (PLLA) is a widely used material for
surgical implants and clinically as a bioabsorbable
suture material ** Polyurethanes (PUs) have also been
used for implant applications because of their useful
elastomeric properties and high tensile strength, lu-
bricity, and good abrasion resistance. Some adverse
effects of the biomaterials, such as PLLA and PUs,
have been reported in animal experiments. Long-term
implants of PLLA produced tumorigenicity in rats.®

Correspondence to: T. Tsuchiya; e-mail: tsuchiya@nihs.go.jp
Contract grant sponsor: Health and Labour Sciences Re-

search Grants
Contract grant sponsor: Research on Advanced Medical

Technology, Ministry of Health, Labour and Welfare
Contract grant sponsor: Japan Health Sciences Foundation

© 2004 Wiley Periodicals, Inc.

Different kinds of PUs induced various tumor inci-
dences in rats.” All tumors have been generally
viewed as the outcome of disruption of the homeo-
static regulation of the cellular ability to respond to
extracellular signals, which trigger intracellular signal
transduction abnormalities.® During the evolutionary
transition from the single-cell organism to the multi-
cellular organism, many genes appeared to accom-
pany these cellular functions. One of these genes was
the gene coding for 2 membrane-associated protein
chanmel (the gap junction).’ Gap-junctional intercellu-
lar communications (GHIC) are transmembrane chan-
nels that allow the cell-cell transfer of small molecules
and are composed of protein subunits known as con-
nexin; at least 19 connexins exist and they are ex-
pressed in a cell- and development-specific man-
ner.'% GJIC also has an important role in the
maintenance of cell homeostasis and in the control of
cell growth.!? So, the loss of GJIC has been considered
to cause abnormal development and tumor forma-
tion.'*® Several tumor promoters have been shown
to restrict GJIC by phosphorylation of connexin pro-
teins, such as connexin 43 (Cx43), which is an essential
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protein to form the gap-junction channel,!!” We have
hypothesized that the different tumorigenic potentials
of PLLA and PUs are caused mainly by the different
tumor-promoting activities of these biomaterials.
Therefore, we investigated the effects of PLLA on the
subcutaneous tissue between the two strains of female

mice, BALB/cJ and SJL/J.

MATERIALS AND METHODS

Animals

Five-week-old female BALB/cJ and SJL/] mice were pur-
chased from Charles River (Japan) and maintained in the
animal center according to the animal welfare National In-
stitute of Health Sciences guidance. All mice were fed with
standard pellet diets and water ad libitum, before and after

the implantation.

Implantation of PLLA

PLLA was obtained from Shimadzu Co. Ltd. as uniform
plates. Implants (size: 20 X 10 X 1 mm, weight-average
molecular weight 200,000) were sterilized using ethylene
oxide gas before use. Sodium pentobarbital (4 mg/kg) was
intraperitoneally administered to the mice. The dorsal skin
was shaved and scrubbed with 70% alcohol. Using an asep-
tic technique, an incision of approximately 2 cm was made;
away from the incision, a subcutaneous pocket was formed
by blunt dissection, and one piece of PLLA was placed in the
pocket. The indsion was closed with silk threads. In both
strains, controls were obtained by sham operation and sub-
sequent subcutaneous pocket formation. After surgery, the
mice were housed in individual cages. After 30 days, mice
from the implanted group were sacrificed, implanted mate-
rials were excised ouf, and subcutaneous tissues from the
adjacent sites were collected for culture. At the same time,
subcutaneous tissues were removed from the sites in the
sharm-operated controls that correlated with the implant

sites,

Cell culture of subcutanecus tissues

The subcutaneous tssues were maintained in minimum
essential medium supplemented with 10% fetal bovine se-
rum in a 5% CO, atmosphere at 37°C.

Scrape-loading and dye transfer (SLDT) assay

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?* phosphate-
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buffered saline [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 incubatior 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 UFX-DXII CCD camera and super high-pressure mer-
cury lamp power supply (Nikon, Tokyo, Japan).

Western blot analysis

When cells grew confluently in 60-mm tissue culture
dishes, all cells were lysed directly in 100 pL of 2% sodium
dodecyl sulfate (SDS) gel loading buffer (50 mM Tris-HC),
pH 6.8, 100 mM 2-mercaptoethanol, 2% SDS, 0.1% bromo-
phenol blue, 10% glycerol). The protein concentration of the
cleared lysate was measured using the microplate BCA
{bicinchoninic acid} protein assay (Pierce, Rockford, IL).
Equivalent protein samples were analyzed by 7.5% SDS-
polyacrylamide gel electrophoresis. The proteins were trans-
ferred to Hybond-ECL nitroceilulose membranes (Amer-
sham Pharmacia Bictech UK Ltd., Buckinghamshire, UK.
Cx43 protein was detected by anti-Cx43 polyclonal antibod-
ies (ZYMED Laboratories, Inc., San Francisco, CA). The
membrane was soaked with Block Ace (Yukijirusi Nyugyo,
Sappro, Japan), reacted with the anti-Cx43 polyclonal anti-
bodies for 1 h, and after washes with PBS containing 0.1%
Tween20, reacted with the secondary anti-rabbit immuno-
globulin G antbody conjugated with horseradish peroxi-
dase for 1 h. After several washes with PB5-Tween20, the
membrane was detected with the ECL detection system
(Amersham Pharmacia Biotech UK Ltd.).

Reverse transcriptase polymerase chain reaction
(RT-PCR)

Cx43 mRNA expression was verified by RT-PCR. Total
cellular RNA was isolated from cultured cells in Trizol re-
agent (Life Technologies, Inc., Frederick, MD) following the
manufacturer’s instructions. The concentration of total RNA
was determined using a UV spectrophotometer (Gene
Quant; Pharmacia Biotech, Piscataway, Nj}. cDNA was syn-
thesized from 1 pg of total RN A by RT using the First-Strand
¢DNA synthesis kit (Amersham Pharmacia Biotech, Upp-
sala, Sweden). Amplification was performed in a volume of
25 pL containing 1 wl. of cDNA, 10 pmol-of each primer,
0.625 unit of Tag polymerase (Promega, Madison, WI) and
0.2 mM of each deoxynucleotide triphosphate. The sequertice
of the primer pairs were as follows: forward 5'-ACAGTCT-
GCCTITCGCTGTAAC3'  and  reverse  5'<GTAAG-
GATCGCTTCTTCCCTTC-3". The PCR cycle was as follows:
initial denaturation at 94°C for 5 min, followed by 25 cycles
of 94°C for 1 min, 60°C for 1 min, and 72°C for 1 min, with
fina] extension at 72°C for 7 min. The amplified product was
separated on 1.5% agarose gel and visualized with SYBR
Green 1 (BioWhittaker Molecular Applications, Rockland,
ME). For relative quantitation, the signal intensity of each
lane was standardized to that of a housekeeping gene,
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GAPDH. To amplify this gene, the following primer pairs
were used: forward 5'-CCCATCACCATCTTCCAGGAGC-
GAGA-3' and reverse 5-TGGCCAAGGTCATCCATGA-

CAACTTTGG-3'.

Enzyme-linked immunosorbent assay (ELISA)

Cells were seeded onto 60-mm dishes. The conditioned
medium was collected and obtained after the centrifugation
at 1000 rpm for 2 min. The transforming growth factor
(TGF)-B levels of the media were measured with commer-
cially available ELISA kits (R&D Systems Inc., Minneapolis,

MN).

Cytokine treatment

Here, we used sham-operated BALB/c] mice cells as a
control. One hundred thousand cells were seeded onto
35-mm tissue culture dishes and cultured. After 4 h seeding
in 2 5% CO, atmosphere at 37°C, cells were treated with
TGF-B1 (0, 2, and 10 ng/mL). Thereafter, SLDT and RT-PCR
were performed. Purified human TGF-B1 was purchased
from Ré&D Systems,

Statistical analysis

Student ¢ test was used to compare the implanted samples
with the controls. Statistical significance was accepted atp <
0.05. Values were presented as the mean * standard devia-

tion.

RESULTS AND DISCUSSION

There are many known tumorigenesis-inducing fac-
tors. It was reported that many plastics induce malig-
nant tumors when implanted subcutaneously into rats
and mice.”” " PLLA shows slow degradation, and
therefore has been applied as a biomaterial for surgical
devices such as bone plates, pins, and screws. It was
reported in different studies that polyetherurethane,
polyethylene, and PLLA produced tumors in
rats.5”%2% In our study, tumors were induced by
PLLA plates in BALB/¢] mice at 100% incidence but
not in SJL./J mice at the surrounding tissues of PLLA
plates during a 10-month in vive study. To understand
the mechanisms of tumorigenesis induced by PLLA,
we focused on the inhibitory effects on GJIC at the
early stage of tumorigenesis. To assess functional
GJIC, the SLDT assay was performed. Brand et al.?8
reported that BALB/cJ mice are a higher and SJL/]
mice are a lower tumorigenic strain. Our present re-
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Figure 1. Statistical analysis of the SLDT assay. In both the
implanted and sham-operated controls, three mice of each
strain were sacrificed after 30 days. Results shown are rep-
resentative of two independent experiments. GJIC was sig-
nificantly inhibited in PLLA-implanted BALB/cJ mice cells
compared with BALB/cJ controls. *p < 0.01

sults showed that the GJIC was significantly inhibited
in I-month PLLA-implanted BALB/cJ mice cells com-
pared with BALB/<J controls (Fig. 1). In confrast, no
significant difference was observed between the
1-month PLLA-implanted SJL/J mice and SJL/] con-
trols (Fig. 1). The data also revealed that the dye
migration was higher in control BALB/cJ mice than
control SJL/J mice (Fig. 1). High responder to the
tumorigenicity may be classified as animals that are
easily suppressed in both GJIC function and the con-
nexins expression. This perturbed gap junction is
likely to have a major role in the PLLA-induced tu-
morigenesis. Gap junctions are also regulated by the
posttranslational phosphorylation of the carboxy-ter-
minal tail region on the connexin molecule. Phosphor-
ylation of connexin molecules is closely related with
the inhibition of GJIC.#*® Phosphorylation has been
involved in controlling a broad variety of connexin
processes that include trafficking, gathering/nongath-
ering, degradation, and also the gating of gap chan-
nels. It was also reported that communication-defi-
cient cells did not express the Cx43-biphosphorylated
(P,) isoform but cells with low gap-junction perme-
ability showed detectable amounts of the Cx43-mono-
phosphorylated (P;) isoform.’® To survey the cause,
we examined the mRNA and protein expression of the
Cx43 gene. Here, mRINA expression was suppressed
in PLLA-implanted BALB/cJ mice compared with
BALB/<J controls [Fig. 2(A)]. No significant difference
was observed between the PLLA-implanted SJL/]
mice and SJL/J controls [Fig. 2(B)]. We also found that
the total level of protein expression such as unphos-
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Figure 2. mRNA expression of Cx43 by RT-PCR analysis.
In both the implanted and sham-operated controls, three
mice of each strain were sacrificed after 30 days. Results
shown are representative of two independent experiments.
SYBR Green I stained PCR products after agaruse gel elec-
trophoresis showed that (A} mRNA expression was sup-
pressed in PLLA-implanted BALB/c] mice compared with
BALB/cJ controls, and (B) no significant difference was ob-
served between the PLLA-implanted SJL /] mice and SJL/}
controls. '

phorylated (Py), Py, and P, levels were significantly
decreased in PLLA-implanted BALB/c] mice com-
pared with the control (Fig. 3). Asamoto et al.” re-
ported that tumorigenicity was enhanced when the
expression of Cx43 protein was suppressed by the
anti-sense RINA of Cx43. A similar tendency was also
observed in our study where the protein expression
might be inhibited via down-regulation of the mRNA
level. The genetic alteration and posttranslational

BALB/c.J

(Control}

Figure 3. Protein expression of Cx43 by Western blot anal-
ysis. In both the implanted and sham-operated controls,
three mice of each strain were sacrificed after 30 days. Re-
sults shown are representative of two independent experi-
ments. Total level of protein expression such P, P,, and P,
levels were significantly decreased in PLLA-implanted
BALB/c] mice compared with the controls.

(PLLA)
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Figure 4. Statistical analysis of TGF-B1 cytokine assay by
ELISA. In both the implanted and sham-operated controls,
three mice of each strain were sacrificed after 30 days. Re-
sults shown are representative of two independent experi-
ments. Secretion of the TGF-B1 level was significantly in-
creased in PLLA-implanted BALB/c] mice compared with
BALB/cJ controls. *p < 0.01.

modification in the Cx43 protein was shown to be
involved in impaired GJIC and could be associated
with tumorigenesis. Therefore, it is suggested that the
inhibitory effect of PLLA on GJIC might be caused by
the alteration in the Cx43 protein, causing enhance-
ment of tumorigenesis. Moreover, Moozby and Patel*
reported a direct action of the Cx43 protein on cell
growth that was mediated via the cytoplasmic car-
boxy! domain.

Because TGF-B1 inhibits GJIC by decreasing the
phosphorylated form of Cx43%! and the phosphoryla-
tion of Cx43 has been implicated in gap-junction as-
sembly and gating events,’®*?? we hypothesized that
TGF-1 might have an important role on PLLA-im-
planted BALB/cJ mice. Figure 4 clearly demonstrates
that the secretion of the TGF-B1 level was significantly
increased in PLLA-implanted BALB/c] subcutaneous
tissue in comparison with those from BALB/cJ control
mice. No significant difference was found in the se-
cretion of TGF-B1 between the SJL/] implanted and
SJL/T control mice. TGF-B2 and TGF-$3 cytokine as-
say revealed no significant difference in TGF-B2 secre-
tion and TGF-B3 was below the detection level (data
not shown). S0 we performed an in vitro study, which
showed that the intercellular communication and the
mRNA expression of Cx43 were significantly sup-
pressed in BALB/cJ control cells when treated with
TGF-B1 [Fig. 5(A,B}].

In conclusion, we suggest that increased secretion of
TGF-1 (Fig. 4) suppressed expression of the gap-
junctional protein Cx43 (Fig. 3) at the earlier stage after
implantation of PLLA in BALB/c] mice, resulting in
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Figure 6. Schematic representation of the pathway of tu-
morigenesis induced by PLLA in BALB/cJ mice.
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the suppression of the function of GJIC (Fig. 1) and at
the same time, mRNA expression of Cx43 was sup-
pressed in BALB/cJ mice (higher fumorigenic) but not
in SJL/} mice (lower tumorigenic) [Fig. 2(A,B)).
TGF-1 also suppressed the expression of mRNA of
Cx43 and the function of GJIC in the BALB/c] mouse
cells in vitro [Fig. 5(A,B)]. These results indicated the
novel mechanism of turnorigenesis induced by PLLA

(Fig. 6).
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