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- Fig.1, XRD patterns of HAp and NbHAp—I and NbHAp—II before (a) and after (b)
annealmg(SOO"C 2h).

(@)

Count

- CaKu '

Fig.2. SEM-EDX analysis of NbHAp—IL ((a) An EDX speclrum and (b) SEM umge and e
element mappmg nnages obe CaandP). A

- -As shown in Tablel the Nb/(Nb+P) molar ratio of NbHAp-I and NbHAp-[I were 0.015 and 0 082,
) respectxvely ‘SEM observanon revealed that the precxpntates were present as aggregates composed
of | primary pamcles of less than 1jum in diameter. ~ '
 XRD patteris of NbHAps annealed at. 800°C are shown in Fig 1(b). - The crystalline of the
precipitates become high by the anneahng and XRD . pattems of all annealed NbHAps could be.
identified as- monolithic apatitic structire: Jt is noted that the crystallite of the NbHAp decreased

. asNb content increased. Figure 2(a) shows an EDX spectra of the whale region of SEM image in -

- Fig.2(b). The EDX: spectrum from Nb M was: sepaxated from P K., line and could be obscrved at .

2.17KeV, although the mtensxty of the’ ‘spectra was weak. - . The mappmg image of Nb, Ca and P
. ions are shown i in Fig.2(b). - As shown in Fig,2(b) Nb'ions were present at the same site of Ca and
P mns Based on these observatlons, Nb ions are suggested to be umformly dlstnbuted in thef- ;
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aggregates gh-resolutlon XPS spectrum of Nb 3d5,2 of NbHAp-II annealed at 800°C 1s shown
in Fig.3. - The peak of XPS spectra due to 3dsp of Nb'i mns from annealed NbHAp-H is at 208.3eV.

Since XPS peak of 3dss due to- ‘Nb* from NbO and Nb*>* from szos appears at- 203. S5eV and

-207.2¢V, respectively, the Nb ions in NbHAp can be; idéntified as Nb**

- These results suggest that the NbHAp has apatitic- structure contammg Nb ions and the Nb ions
are homogenously dlsmbuted in the grain. Generally, Nb™* ions in the solution is not present as .
Nb** but @s niobiumate acid, H,Nbsolg G=r jons (X:O 1,2)[4].” The PO; in HAp can be replaced
by anionic atomic’ group, e.g. CO5%, VO;* and AsO>. Therefore, it is probable that Nb ions are
substituted in PO, site.in HAp. However; measured Nb/(Nb+P) ‘molar ratio in NbHAp -l was
0.082, despite their theoretical Nb/(Nb+P) ratio of 0. 1667 suggesting that the value of the measured
ratio might be the maximum amount of Nb ions in POs, prachcally ) :

Since Nb ions are expected to have an effect to promote the proliferation and ALP acuvxty of

‘ osteoblastic cells, the NbHAps have a potential to promote the ALP admty of osteoblastnc cells.

~ Figure 4 shows ALP activity of NHOst cultured
with anncaled NbHAps.. As shown in Fig4, ‘
NHOst cultured with the NbHAp expressed the
ALP activities twice as much as that of NHOst’
cultured with HAp without Nb ions. It is well
known that ALP is often expressed when fracture
of bone is repaired in vivo. Furthermore, from
the recent study, it has revealed that the ALP
contributed to mineralization in bone formatxon[S]
Therefore, this enhanccment in-ALP activity of

‘Intensity/a.n.

i " H m
NHOst by NbHAp suggests that the NbHAp can = nuﬂmg:gfag/ev
promote the mineralization of bone formation. _ Fig.3. High-resolution XPS spectrum of.

Nb 3dsp of NbHAp-1T annealed at 800°C.

25

Conclusion

We have succeeded to synthesxze novel HAp ’
containing Nb ions. The NbHAp would be a 2 ¢
solid solution, which Nb ions were in POy site in

- HAp and could enhance the ALP activity in -
NHOst.

_ALP activity per call
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'Enhancement of Differentiation éﬁd"l-lbuiie*oéiasls of Human Osteoblasts
- by Interaction:with Hydroxyapatlte In Mlcrosphere Form ,
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Abm&Theasephchommgofuhﬁuﬂpmswhhmmmehcbmemmpm
maybepuﬂydnemﬂmmppxesdmofosteoblmﬂmcﬂonmfomncwbmebywwdebm

- derived from the joint. To assess the effect of wear debris on osteoblasts, we caltured normal human
. osteobiasts (NHOst) in contact with several kinds of microspheres as models of wear debris. The

- . NHOst in contact with polystyrene, polyethylene, and slumina microspheres sliowed a lower

.WlﬂMWMWsmmmmﬁwmmm
- other hand, hydroxyapatite particles enhanced the differentiation of NHOst. In addition, sintered
hydroxyapahtemhmmdnmofoswomldnmRNAmdppjmﬁmﬂmmmimﬁmof

NHOst. Thig study. suggests that polystyrene, polyethylene, and alumina microspheres have the:

potential to disorder not only the differentiation but also the homeostasis of NHOst in contact with
~ them, However, hydroxyapatite enhanced the differentistion as well as the homeostasis. of NHOst,
‘ evmmmausphueﬁom,mmMgMgoodbiompaﬁbﬂnyummmforbmcm

Introduction
mmmﬂmmmmmﬁmmmmmm
shape, ar even their desired function, resulting in undesirable side effects. One good example is the
ascptic loosening of artificial joints observed in many paticots who underwesit a total joint
xwlwmmswﬁymmumymhvenpmmmmbmm
associated periprosthetic bone resorption is partly duc to the activation of macrophages and
osteoclasts by wear debris from the artificial joint [1-3], but few researches have focused on the
interaction between wear debris and osteoblasts, especially normal human osteoblasts [4]. In this
study, normal humsn osteoblasts were cultured in contact with various kinds of microspheres made ‘
.ﬂompolymmorcuamicsusedasmdelwmdebﬂs,mdtheeﬁeasotthemw o
WMWWMWan&»mM'
diﬁucnuaﬂonandhomeostas:smaintmmoﬂheosmblasts. .

Mnterh!sandMethods i
: Mlmphau.Monodmpmedpdystyme(PS)miaosphmwnhdﬂuwmmem(o.l 05,

1, 5, and 10 um) were kindly supplied by Japan Synthetic Rubber Co., Ltd. (Tokyo, JAPAN).
Low-density polyethylene (PE) microspheres were kindly provided by Sumitomo Seika chemicals
Co., Ltd. (Tokyo, JAPAN). Alumina (Al;O,) microspheres were obtained from the Association of
Powder Process Industry and Engineering. Sintered and un-gintered hydroxyapatite '(HAp)
microspheres (7.2 um in diameter) were prepared and supplied by Ube Material Industries, Ltd.
~ (Chiba, Japan). Determined by Multisizer I (Coulter Electronics Inc., Hialeah, FL), the average
dmmetcrsofPBmddmmamampbueswmfoundmbeG4md51ym,mpedivelyStaﬂc
microspheres and microsphere-coated plates were prepared by the method previously reported [5].

neobmnedmmsphcnsmdmiamphemedphws(mﬂyweu)wmsubjmdmthe
assays. -

. (Walkersville, MD). The cells were maintained using alpha minimum cssential miedium (Gibco)
~ containing 20% fetal calf serum (FCS) in-incubators (37°C, 5%-C0--95%-gir, saturated humidity).
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All assays were . carried out using tbe medmm supplemented with 10mM B-glycerophosphate
‘NHOst - (2x10° cells/well/500 ul medium) were cultured .on the microsphere-coated plates for
eshmalmg the effect of the microspheres from the bottom of the cells.- To estimate the effect of.
microspheres on cells adhered to the culture plates, the NHOst were cultured with .
microsphere-containing medium (20 ug/500 pl medium) after they had adhered to the
ooﬂagcn-coatcd platcs The cell number ratio of NHOst cultured with microspheres was evaluated
using the alamar Blue™ assay (onSowce International, Inc., Camarillo, CA), which incorporates -
an - oxidation-reduction indicator based on the detecuon of metabolic actxvnty, according to -
manufacturer’s instroction.

The level of alkaline phosphatase (ALP) activity of the NHOst and the amoéunts of calcium’
deposited during a. 7-day incubation were evaluated to estimate dxﬂ’erenhatmn level of NHOst as
_ prevmusly reported [6]. In addition, RT-PCR was performed to detect the expression of osteocalcin -
mRNA in the NHOst (primers for human osteocalcin [7], forward 5°CATGAGAGCCCTCACA3’

and reverse 5 ’AGAGCGACAOCCI‘AGA&’; product size 307-bp)

Gap junctional intercellular communication (GJIC), which is a function that plays an mponant
role in maintaining cell and tissue homeostasis by exchanging low molecular weight molecules [8],
among NHOst co-cultured with mmrospherw were evalqated using FRAP assay as previously
reported [9].

All data were expressed as the mean value + the standard deviation (SD) or the standard error of
means (SEM) of the obtained data as indicated in all figures and tables. The Fisher-Tukey criterion

was used to control ﬁor mulhple compansons and to compute the least significant difference
between means.

Results and Discassion’ -

- Figure 1 shows the effect of the diameter of pre-coated polystyrene mxcmsphcxes on proliferation,
the ALP activity of co-cultured NHOst cells, and the amounts of deposited calcium on the NHOst:
To compare the effect of the microspheres on the ALP activities and the calcium amounts for each .
NHOst, the obtained data were standardized based on the cell number ratio co-cultured with the
microspheres. As shown in figure, suppression on ALP activity of NHOst and the amounts of
deposited calcium were observed when 0.1 zm and 5 #m microspheres were co-cultured. When the -
microspheres were added after cell adhesion, they did not show a significant inhibitory effect on the
functions of NHOst (data not shown). By pre-coating of the microspheres on the bottom of the test
plates, the area they occupied became larger as their diameter became smaller. This increase in the
microsphere occupied area would affect many functions of the test cells, resulting in the mhibxtory
effect of the 0.1zm microspheres on the . .
function of NHOst when the same =
quantity of microspheres was coated. On.
the other hand, the suppression of ALP
activity of NHOst and calcium deposition -
by pre-coated 5 um PS micmsphem
suggests that not only the area they
‘ occupxed but also their size may cause
the unique inhibitory activity of the 5 um
. PS microspheres. It is well known that -
the size of a n’ﬁcrbsphere plays an-
important role in phagocytosis - [10],
although it is unclear that there is the o= —{}5s
same size dcpendcnce on phagocytosis
by the NHOst as by macrophages. In - , : _ o
addition, our previous study suggested  Figure 1. Effects of dismeter of pre-costed PS on varlons
that even fibroblasts were likely o functions of NHOst. Data are shown as the meanssSD
" phagocyte microspheres of a specific ' :

4 Oma:!lmmbumb
-
] Cakchum ~ .

J

Hatlo against value of control dishes
.
d

7  10* w' w*

Diamaeter of mlcmsbhe’na pm)
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diameter [S 9]. Takmg into account our findings about the inhibitory effects of various microspheres
on the functions of NHOst, it is probable that NHOst can phagocyte PS microspheres as well as
macrophages, and in particular, may phagocyte microspheres 5 um in diameter. Moreover, the
effect of the added PS microspheres suggests that NHOst better recognize the microspheres from
their lower than upper side. This may explain the rednwd functmns of NHOst co-axltured with the
pre-coated 5 um PS microspheres.

To estimate the’ effect of the material composing the mmosphcres, NHOst were cultured for 1
week on pre-coated PS, PE, alumina and HAp microspheres, all of which have a diameter of around
5 um. Table 1 shows their number ratio and ALP activities, and the calcium amounts. Pre-coated PS,
PE and alumina microspheres showed the potential to suppress functions of NHOst although some
of these data did not show statistical differences against NHOst without nmicrospheres. However,
when NHOst were cultured with pre-coated HAp, the amount of calcium deposited was almost
twice that detected in the cells without microspheres. It was observed that HAp microspheres have
no potential to deposxt calcium after a 1-week incubation without NHOst (data not shown).
Therefore, the increase in calciom deposmon by pre-coated HAp may be due to the enhancement in -
the differentiation of NHOst in contact with HAp. As expected, added various microspheres
aﬁededNHOstmasxmﬂarmmnerhutl&sthmthepm—coatedmxms@erﬁ(damnot shown). We
have hypothesized that GJIC of cells in contact with various biomaterials can be used as an index
for estimating the biocompatibility of many kinds of biomaterials [5,6,9,11]. In addition, osteoblasts
have been reported to communicate with one another via GJIC function, and the function is
believed to be critical to the coordinated cell behavior necessary in bone tissue development [8,12].
Therefore, effects of these microspheres on the communication of co-cultured NHOst were
estimated to consider the relation between this function and the differentiation of NHOst. The
FRAP assay revealed that HAp microspheres enhanced the GIIC level of NHOst to 1.8 times as
much as that of NHOst alone but others slightly inhibited it, indicating HAp has a potential to
enhance homeostasis maintenance fonction of the NHOst as well as their differesitiation. Details of
the microspheres effects on GIIC of NHOst will be reported elsewhere [13]. These results indicated
that the materials of microspheres affected the differentiation of co-cultured NHOst as well as the
diameter of nncmsphem and their contact with the cells. In addition, microspheres made from
HAp, which is a major component of bone tissue and bas been shown to have good
biocompatibility as bone substitutc implants [14], may have thé potential to enhance the
differentiation of osteoblasts. These results suggest that the estimation of the effects of biomaterials
in microsphere form on in vitro cell function may be useful fo: their m vivo biocompatibility
evaluation. -

We estimated the effect of sintering, normally used to harden HAp on the function of NHOst. The: .
estimation revealed that both HAp mlmspheres enhanced the amount of calcium deposited
although the ALP

activity of the cells T&bhl.mﬁal-mkmmbamnwnhpmmm@mmwms
decreased. In addition, E functions of NHOst. a

when the un-sintered (Amounts of :mansphm 20 ppfarell)

HAp microspheres were

incubated with NHOst, Comrst - Pulpuprean - Pelyty Hdemy Ay

the calcium deposition

Dismeter (um) 50 64  s1 72
-was observed more than Thecet o \ . . - .
sintered HAp. As vmbermtio (§)  1000sS5  882:02 92213 R428 | £3.0:23
another index of the PerceatALP activity 100.024.7 192356 727336%  S82a57 73.856.0°

5 o (activityfproliferation) o A
differentiation Of the puentdepositedesicom 1000437 973342 @337 W78 1633850
NHOSt, mRNA (Culciom pc:eeaﬂbm!iﬁmﬁon)

expression levels of

osteocalcin, which is a Data are showo a8 the mesn value £ SEM (1 = 4 16 22)

- * p <001, gpaiost control
well-known pmtein (n)pcm@mmoaﬁxmm withplpeayeneand s aicrospheres
detected . in ,
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dxfferenuatcd osteoblasts [15], were determined using the RT-PCR technique. Figure 2 shows time
profiles of osteocalcin mRNA expression in NHOst cultured with pre-coated PS, PE, alumina, and
two kinds of HAp microspheres. As shown in the figure, only the cells co-cultured with sintered
HAp microspheres expressed osteocalcin mRNA after a 1-day incubation, while those co-cultured
with other microspheres did not express the mRNA. This finding suggests that sintered HAp
microspheres have the potential to induce osteocalcin production from NHOst. Neither spontaneous
calcium deposition was observed by the incubation of sintered nor un-sintered HAp microspheres
without NHOst, so that it is possible that the un-sintered HAp degrade in culture medium with
NHOst, resulting in an increase of calcium concentration in the culture medium that enhances the
calcium deposition by the NHOst. Therefore, it is suggested that sintered HAp can induce the
differentiation of NHOst, and may be a-suitable matenal for mducmg osteogenesxs rather than
‘un-sintered one. -

In conclusion, mmphm made from various materials had an effect on the differentiation of
NHOst. The level of the effect varied with the size, amouit, and composition of the microspheres.
Microspheres made from PS, PE and alumina showed a potential to suppress the proliferation and
the differentiation of co-cultured NHOst. On the other hand, microspheres made from l-IAp
especially sintered HAp, enhanced . : .
the differentiation of co-cultured 1day —
NHOst,andshowedthenpotennal : I o S

it |
Estimating the effect of various ' - ]
microspheres on the differentiation ' :
of osteoblasts will provide valuable Lane1 2 3.4 5 67

information on the effects of wear ‘
debris from artificial hip joints as - " ’“eﬁ?;mm’m“‘vfm“ﬁ“ﬁ'wmd""“"“""“u“'?&'i‘ ot

well as estimating their effects on hnel.Cuﬂagm—eoatedcnﬂnred!sh.z.mthaml-&uteddhh,
osteoclast function. - ‘ ' 3: PS, 4: PE, 5: alumins, 6: un-sintered HAp, 7: sintered HAp.
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Abstract The use of poly-L-lactic acid (PLLA) surgical im-
plants for repair of bone fractures has gained popularity in
the past decade. The aim of this study was to evaluate the in
vivo effect of PLLA plates on subcutaneous tissue in two
mouse strains, BALB/cJ and SJL/J, which have higher and
lower tumorigenicity, respectively. Gap-junctional intercel-
lular communication and protein expression of connexin 43
were significantly suppressed, whereas secretion of trans-
forming growth factor-B1 and expression of extracellular
matrix, insulin-like growth factor binding protein 3, and

cysteine-rich intestinal protein 2 were significantly increased
in PLLA-implanted BALB/c] mice when compared with
BALB/c] controls. Finally, tumors were formed after im-
plantation of cultured cells from the more-tumorigenic
BALB/¢], but not SJL/], mice into nude mice. © 2006 Wiley
Periodicals, Inc. ] Biomed Mater Res 79A: 409-417, 2006 -

Key words: poly-1-lactic acid; gap-junctional intercellular
communication; transforming growth factor-Bl; connexin
43; nude mice

INTRODUCTION

The morphologic, chemical, and surface electrical
characteristics of a biomaterial can influence the extent
of the cellular response to an impla.nt,l'2 but host fac-
tors also contribute, so that an identical material im-
planted in different species®* or at different anatomi-
cal locations®® may elicit different degrees of
response. Poly-L-lactic acid (PLLA) is a synthetic de-
gradable polymer with good biocompatibility that is
widely used clinically for surgical implants and as a
bioabsorbable suture material.”® Long-term implants
of PLLA produced tumors in rats,” and adverse effects
were also reported in other animal experiments.’® All
tumors are generally viewed as the result of disrup-
tion of the homeostatic regulation of the cell’s ability
to respond to extracellular signals, which triggers in-
tracellular signal transduction abnormalities.’ During
the transition from the single-cell organism to the
multicellular organism, many genes evolved to regu-
late these cellular functions. One of these genes is the
gene coding for a membrane-associated protein chan-
nel (the gap junction).!? Gap-junctional intercellular

Correspondence to: T. Tsuchiya; e-mail: tsuchiya@nihs.go.jp
Contract grant sponsors: Ministry of Health, Labour and
Welfare and Japan Health Sciences Foundation

© 2006 Wiley Periodicals, Inc.

communication (GJIC) involves two hemichannels or
connexons,’® and each connexon is composed of six
basic protein subunits named connexin (Cx), which
allow the cell-cell transfer of small molecules. Ap-
proximately 20 connexins are known, and they are
expressed in a cell- and development-specific man-
ner.!*1° GJIC also plays an important role in the main-
tenance of cell homeostasis and in the control of cell
growth.'® Thus, disruption of GJIC has been shown to
contribute to the multi-step, multi-mechanism process
of carcinogenesis.’’" Several tumor-promoting
agents have been shown to restrict GJIC by phosphor-
ylation of connexin proteins, such as connexin 43,
which is essential in forming the gap junction chan-
nel.?***! Our previous study revealed that PLLA in-
creased the secretion of transforming growth factor-81
(TGF-B1), suppressed the mRNA expression of Cx 43,
and inhibited GJIC in the early stage after implanta-
tion, thus promoting tumorigenesis in BALB/(J
mice.”? We have hypothesized that the difference in
tumorigenic potentials of PLLA is caused mainly by
the different tumor-promoting activities of these bio-
materials and that TGF-B1 might have an important
role in PLLA-implanted BALB/cJ mice. Therefore, in
our present experimental approach, we aimed to de-
termine the novel effects of PLLA plates in two mouse
strains, BALB/c]J and SJL/], after long-term implanta-
tion. Among mouse strains, the former is a more
tumorigenic strain when compared with the later.?
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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/], 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.

AHMED AND TSUCHIYA

Western blot analysis

When cells had grown confluent in 60-mm tissue culture
dishes, all cells were lysed directly in 100 pL 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, and 10% glycerol). 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 UFX-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-B1 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 3°P-labeled probes to the Atlas Array of Mouse
Cancer 1.2 k Array (Clontec 7858-1), on which 1176 cDNAs
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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
10° 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 ¢ 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./J 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-1 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 VIIIx 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/c] mouse cells when
compared with that in BALB/cJ 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/cJ mice
[Fig. 6(B,C,E,F)]. 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)].

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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(C)SIUI(Comol) R

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) SJL/J (PLLA). [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

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. o

| Histopathology

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

. I
(Control) (PLLA)
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/J 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/cJ mice cells
when compared with that in BALB/c] controls. *p < 0.05.
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BALBfcJ BALBfJ SILY SILAg
(Contro}) (PLLA) (Controh) (PLLA)

Figure 4. Statistical analysis of TGF-B1 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
TGF-B1 level was significantly increased in PLLA-implanted
BALB/cJ mice when compared with that in BALB/c] con-
trols. On the contrary, in the SJL/]J mice, secretion of TGF-B1
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 golyethylene, and
PLLA produced tumors in rats.”’%*% Parallel to
these studies, here cells with different morphologies
formed a crisscross pattern, which thus decreased the
contact inhibition in the PLLA-implanted BALB/cJ
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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Figure 5. DNA microarray analysis of these four kinds of cells. The expression of (A) fibronectin 1, (B) pro-collagen ViIla
1, (C) osteopontin precursor (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 tumorigenicity in nude mice. (A) No tumor was formed in 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/c]
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

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.%° 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/cJ 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/J mice.

TGEF-B1 can impair GJIC function by decreasing the
phosphorylated form of Cx 43*' and can also increase
the expression of ECM.???* We estimated the produc-
tion of TGF-B1 in four kinds of cells. The secretion of
TGF-B1 significantly increased in PLLA-implanted
BALB/cJ mice cells in comparison with that from
BALB/cJ] control mice, but TGF-B1 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 VIIa 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/c] mice cells. In addition, overexpression of
IGFBP 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/c] 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/cJ 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/c] 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).
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Figure 8. Schematic representation of the pathway of tu-
morigenesis induced by PLLA in BALB/c] mice.
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Abstract

The transplantation of bioartificial pancreas has the potential to restore endogenous insulin secretion in type I diabetes. The
bioartificial pancreas is constructed in vitro from cells and a support matrix. Hyaluronic acid (HA) is an extremely ubiquitous
polysaccharide of extracellular matrix in the body and plays various biological roles. It has been suggested that high molecular weight
(HMW) HA increases in the function of gap-junctional intercellular communications (GJIC) and the expression of connexin-43 (Cx43).
To determine whether the function of pancreatic f-cells is affected by gap junctions after HMW HA-treatment, we exposed HIT-T15, a
clonal pancreatic f-cell line, in various concentrations of HA for 24h, and then detected the insulin secretion and content, using an
insulin assay kit by ELISA technique. The cellular functions of GJIC were assayed by dye-transfer method using the dye solution of
Lucifer yellow. HA-treatment resulted in the enhancement of GJIC function, the increase of insulin release and insulin content. The
results obtained in this study suggest that HA-coating increases the insulin secretion of HIT-T15 cells by the enhancement of Cx43-
mediated GJIC. The results give useful information on design biocompatibility of HA when is used as a biomaterial for bioartificial

pancreas.
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Hyaluronic acid; Gap-junctional intercellular communications; HIT-T15 cells; Insulin; Bioartificial pancreas

1. Introduction

Type I diabetes is caused by the autoimmune destruction
of the B-cells. All patients with type I diabetes require daily
insulin shots for the control of glucose levels. However, the
insulin therapy cannot inhibit the development of serious
chronic complications. The pancreas transplantation has
been expected to be the most promising approach toward
treating diabetes. The bioartificial pancreas is constructed
in vitro from insulin-secreting cells or islets and a support
matrix by a tissue engineering method. The frequently used
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matrix materials are alginate and agar [1,2]. Although
bioartificial pancreatic constructs contain insulin-secreting
cells entrapped in agar or alginate matrix implanted into
the peritoneal cavity of the diabetic patient, mice, and dog,
can restore normoglycemia and markedly abate diabetic
symptoms, there are important questions in the structural
integrity of support matrix, metabolic activity and viability
of cells or islets, and late vascular thrombosis [1,2].
Therefore, the new matrix biomaterials, which mimic the
functions of extracellular matrix (ECM), need to be
researched.

Hyaluronic acid (HA) is an extremely ubiquitous member
of the nonsulfated glycosaminoglycan ECM molecule
family and is thought to play various biological roles
particularly in growth, adhesion, proliferation, differentia-
tion, and cell migration [3,4]. More importantly, the
receptor for HA-mediated motility regulates gap-junction
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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 B-cells is a
multicellular event depending on their interaction with
neurotransmitters and numerous signal molecules carried
by blood and also direct interactions between cellcell 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 f-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. Materials

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 Seikagaku 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 from Cell
Signaling Technology Inc. (Tokyo, Japan). Roswell Park Memorial
Institute (RPMI) 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 and culture dishes

The HA polysaccharide was dissolved in distilled water at a
concentration of 4 mg/mi. 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 1.0 mg/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 functions of HIT-T15 cells, different
media were prepared at a final concentration of 0.01, 0.05, 0.1, 0.5, and
1.0mg/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-T15 cells, Dainippon
Pharmaceutical Co., Japan), was cultured in RPMI 1640 medium
containing 10% FBS, 2mM L-glutamine, 100 IU penicillin-G and 100 pg/

ml 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/ml in
multiwell plates or culture dishes. When they reached more than 80%
confluence, 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

To evaluate the affect of HMW HA on cell viability of HIT-T15 cells,
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 1640 medium prepared.
After 24h of HA-treatment, the cell viability was determined by the WST-
8 reduction assay, according to the manufacturer’s instructions. Control
cells received fresh medium without HA.

2.5. Measurement of insulin release and insulin content

HIT-T15 cells were treated as described above. After pre-incubating for
30min at 37 °C in KRB buffer, no glucose cells were stimulated for 60 min
with 11.1mM glucose in KRB buffer. The medium was collected,
centrifuged for 5min at 3000g, and the supernatant was frozen at
—80 °C for insulin release assay. Cultures were then extracted for 24 h 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 dye transfer

Gap junction-mediated communication between f-cells regulates the
insulin secretion and insulin biosynthesis. Because HMW HA-coating
increased 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-T15 cells.
HIT-T15 (5 x 10%) cells were exposed to the HA-coated (0.1, 0.25, and
0.5 mg/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 Ca2*/Mg?*, and 3 ml 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
FemtoJet (Eppendorf AG, Germany) using glass micropipette that 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 6.5psi for 200 ms was used for each 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 24h, rinsed with Ca®*/Mg?*-free PBS() and then lysed in
CelLytic™-M lysis/extraction reagent (Sigma). Protein content was
measured by the BCA protein assay reagent kit (PIERCE). Samples of
total extracts (20 ug protein/lane) were fractionated by eletrophoresis in a
10% sodium dodecyl sulfate 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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Japan) and then were incubated with antibodies directed against Cx43
(1:1000) and B-actin (1:1000) as the primary antibody overnight at 4 °C.
After repeated rinsing in PBS-Tween, the immunoblots were incubated
with a peroxidase-conjugated antibody against rabbit (1:5000) at room
temperature for 1 h. Membranes were developed by enhanced chemilumi-
nescence according to the manufacturer’s instructions (Amersham
Pharmacia Biotech).

3. Results
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 (<1.0mg/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 (> 1.0 mg/
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 2.734+0.36
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Fig. 1. 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-8 assay as described in methods. Each value denotes the
mean+8.D. of three separate experiments. *P <0.05 compared to control
under the HA-coated condition.
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and 3.90+0.41pg/ug protein in the base and glucose-
stimulation (11.1 mm), respectively (n = 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 24 h, 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).

GJIC 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 yellow
by counting the number of dye-transferred cells at 2min
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Fig. 2. Insulin secretion from HIT-T15 cells by HA-treatment. HIT-T15
cells were incubated with HA-coating (O) or HA-added (M) for 24h and
then stimulated for 60min with 11.1 mm 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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Fig. 3. Insulin content of HIT-T1S5 cells incubated with HA-coated (0J)
and HA-added (M). Cells were incubated in the presence of different HA
concentrations (0.1-0.5mg/dish) for 24h and then stimulated for 60 min
with 11.1 mM glucose. The insulin content in the extracts was determined
by ELISA insulin kit. Each value denotes the mean+S.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-T15 cells treated with HA-coating (0.1,
0.25, and 0.5 mg/dish) for 24 h. Most microinjections led to
the intercellular 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 (1.540.6) 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, 4.44+1.9, 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 B-actin. A Western
blot analysis revealed that Cx43 proteins are present in
cultured HIT-T15 cells in three forms at 43kDa region,
consisting of a nonphosphorylated form and phosphory-
lated forms (P1 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
B-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
P-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 construct 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. It 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 f-cells as a matrix biomaterial of
bioartificial pancreatic constructs.

Previous study has shown that HMW (310 and 800 kDa)
HA-coating (2.0mg/dish) resulted in low adhesiveness to
the cells and the decrease of viability in normal human
dermal fibroblasts, because of the change in GIJIC
functions and induction of various genes including
cytokines, adhesion molecules, and growth factors
[6,11,12]. In the present study, similar results were
obtained. After 12h, the HIT-T15 cells grown into low
concentration HA-coated dishes (0.1, 0.25, and 0.5mg/
dish) and control cells already had attached and confluent
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 difference in viability of HIT-T15 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 resuit
suggests that the molecular-weight size of HA and its
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Fig. 4. Concentration-dependent effects of HA-coating on dye transfer in HIT-T15 cells. Cell adherent to glass 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 mean+S.D. (n = 18).

**P<0.001 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
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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



