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2 Japanese standard allergens

1 | Cobalt chloride 1.0%pet. 15 Lanolin alcohol 30.0%pet.
2 | Nickel sulfate 2.5%pet. 16 PTBP-FR 1.0%pet.
3 | Potassium dichromate 0.5%pet. 17 Ethylenediamin 2HCI 1.0%pet.
4 | Thivram mix 1.25%pet. 18 Primin 0.01%pet.
5 | PPD black rubber mix 0.6%pet. 19 Urushiol 0.02%pet.
6 | Mercapto mix 2.0%pet. 20 Thimerosal 0.1%pet.
7 | Caine mix 7.0%pet. 21 Ammoniated mercury 1.0%pet.
8 | Fradiomycin sulfate 20.0%pet. 22 Petrolatum as is
9 | Balsam of Peru 25.0%pet. 23 Formaldehyde 1.0%agq.
10| Rosin 20.0%pet. 24 Kathon CG 0.01%agq.
11| Fragrance mix 8.0%pet. 25 Gold sodium thiosulfate 0.5%pet.
12 | Dithiocarbamate mix 2.0%pet. 26 Thimerosal 0.05%pet.
13 | Paraben mix 15.0%pet. 27 Mercuric chloride 0.05%aq.
14 | Paraphenylenediamine | 1.0%pet. 28 Distilled water asis
pet.:petrolatum PTBP-FR: p-tert-butylphenol formaldehyde resin
aq.:aqueous solution
#3 £BYY-X
1 HAbsE 8k 2.0%aq.. 11 T|bk=rarr 0.5%pet.
2 BE-_AX 1.0%agq. 12 EFAHBEET P YA 0.5%pet.
3 HigfL A ) T 1.0%aq. 13 E7OLBRA Y VA 0.5%pet.
4 ZBA TPV A | 1.0%aq. 14 b2 (A= AT VAN 1.0%pet.
5 BT LVI =y 2.0%aq.. 15 Bik— v 7 2.5%pet.
6 | WAk Tw L 1.0%aq. 16 E1tsh 2.0%pet.
7 A= RN 0.5%aq. 17 - E | WAL ANV NA 1.0%pet.
8 T ERsR 1.0%aq. 18 Ammonium tetrachloroplatinate | 0.25%pet.
9 EALE AR 0.005%aq. | 19 21k4R 2.0%pet.
10 IE{LEE Sh 0.5%pet. 20 FF Uk 20%pet
pet..petrolatum  aq.:aqueuos solution
%o T, 4SHHMBEEAT 5. 12y MRE 1R
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#4 Japanese étandard allergens D 51994 ~ 2000)

Total( n=1302) % Female (n=979) % Male (n=323) %
1 | Cobalt chloride 208 16 Cobalt chloride 152 15.5 Cobalt chloride 56 17.3
2 | Nickel sulhfate 164 12.6 Nickel 142 14.5% Paraphenylene- 50 155
sulhfate : diamine
3 1 Gold sodium 142 10.9 Gold sodium 106 10.8* Paraphenylenedl 32 9.9
thiosulfate thiosulfate iamine
4 | Potassium 129 9.9 Potassium 79 8.1 Urushiol 32 9.9
dichiomate dichlomate
5 | Fradiomicin 83 6.4 Fradiomicin 60 6.1 Timerosal 26 8
sulfate sulfate
6 | Paraphenylenedi 78 6 Paraphenylene- 46 4.7 Fradiomicin 23 7.1
-amine diamine sulfate
7 | Urushiol 72 5.5 Urushiol 40 4.1 Nickel sulhfate 22 6.8
Ammoniated ’ Ammoniated
8 | mercuric 58 4.6 Mercuric chloride 34 35 mercuric 18 5.6
chloride Ammoniated chioride
9 | Mercuric 48 37 mercuric 32 33 Gold sodium 14 4.3
chioride chloride thiosulfate
10 | Timerosal 44 3.4 Timerosal 26 2.7 . Mercuric 14 43
chloride
*:p <0.05
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Changes in expression of genes related to cell proliferation in human
mesenchymal stem cells during in vitro culture in comparison with

cancer cells

Abstract We investigated the expression levels of several
genes related to cell proliferation in human mesenchymal
stem cells (hMSCs) during in vitro culture for use in clinical
applications. In this study, we focused on the relationship
between hMSC proliferation and transforming growth fac-
tor B (TGFP) signaling during in vitro culture. The prolif-
eration rate of hMSCs gradually decreased and marked
changes in hMSC morphology were not observed in 3
months of in vitro culture. The mRNA expressions of
TGFp1, TGFB2, and TGFp receptor type I (TGFBRI) in
hMSCs increased with the length of cell culture. There had
been no change in the TGFR3, TGFBRIIL, and TGFRRIII
mRNA expressions by the 12th passage from the primary
culture (at about 3 months). The mRNA expression of
Smad3 increased, but those of c-myc and nucleostemin de-
creased with the length of hMSC in vitro culture. In addi-
tion, the expression profiles of the genes that regulate
cellular proliferation in hMSCs were significantly different
‘from those of cancer cells. In conclusion, hMSCs derived
from bone marrow seldom underwent spontaneous trans-
formation during 1-2 months of in vitro culture for use in
clinical applications. In hMSCs as well as in epithelial cells,
growth might be controlled by the TGFf family signaling.

Key words Stem cells - Cell proliferation - TGFp signaling
TGFP receptors

Introduction

Several recent studies demonstrated the potential of
bioengineering using somatic stem cells in regenerative
medicine.”* Bone marrow includes both mesenchymal and
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hematopoietic stem cells. Adult human mesenchymal
stem cells (hMSCs) derived from bone marrow have the
pluripotency to differentiate into cells of mesodermal ori-
gin, e.g., bone, cartilage, adipose, and muscle cells."* More-
over hMSCs also have the capacity to differentiate into
myocytes,®” hepatocytes,”® and neural cells.’ In addition,
because they are comparatively easy to expand ex vivo,
hMSs have many potential clinical applications, not only in
the field of orthopedic surgery but also for the treatment of
cardiac infarction, cirrhosis, and diabetes. On the other
hand, stem cells possess a self-renewal capability similar to
that of cancer cells.” Recently Rubio et al.”® reported spon-
taneous transformation of human adult stem cells derived
from adipose tissue in long-term (4-5 months) in vitro cul-
ture. In practice, if A\MSCs are to be used for clinical appli-
cations and tissue-engineered medical devices, they have to
be expanded in vitro for about 1-2 months. The prolifera-
tion ability and the gene expression profile of hMSCs, how-
ever, might change during in vitro culture. In this study, we
focused on the relationship between hMSC proliferation
and transforming growth factor p (TGFB) signaling during
in vitro culture. TGFp is a multifunctional protein that
regulates cellular proliferation, differentiation, apoptosis,
development, extracellular matrix formation, immuno-
suppression, and tumorigenesis. In humans, three TGFB
isomers have been identified: B1, B2, and p3. TGFp signals
through three high-affinity cell surface receptors: TGFp
type I (TGFBRI), type II (TGFPRII), and type 111
(TGFBRIII) receptors. TGFBRI and TGFPRII are serine-
tyrosine kinases. TGFBRIII is known to be a betaglycan.”
TGFps are first bound to TGFBRII and TGFBRIIL” It
has been considered that TGFBRIII regulates access to
TGFPBRIL,™>™ and then TGFp signal transduction in the
cellular pathway is started through stimulation of TGFBRI
by TGFBRIL After that, activated TGFPRI phosphorylates
Smad2 or Smad3, which are receptor-regulated Smads
(R-Smad) activated by TGFP and activin.™'® After Smad4,
which is a common mediator Smad (C-Smad), is connected
to phosphorylated R-Smads, the complex is transported to
the cell nucleus and influences the transcription activity of
TGFp-dependent genes.”*® c-myc, which is one of the
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TGFB-dependent genes, is regarded as an oncogene and
regulates cellular proliferation. In the present study, there-
fore, we investigated whether the gene expression levels of
three TGFp isomers (TGFp1, TGFB2, and TGFp3) and
their receptors (TGFBRI, TGFBRII, and TGFBRII),
Smad3 and c-myc were changed in hMSCs during in vitro
culture.

Wnt-8B is related to cell self-renewal and tumorigen-
esis,” and Wnt proteins can act as stem cell growth factors.”
What signaling activates the genes that promote prolifera-
tion (c-myc and others) by accumulating B-catenin in some
kinds of stem cells and cancer cells.” Nucleostemin is in-
volved in proliferation in both stem cells and cancer cells.”®
Therefore we also investigated the gene expression levels of
Wnt-8B and nucleostemin in hMSCs.

In addition to investigating the expression of these genes
r ing to cellular proliferation in hMSCs during in vitro
cunare, we compared them with those in two kinds of can-
cer cell lines, HeLa S3 (a human cervical cancer cell line)
and HepG2 (a human hepatoma cell line).

Materials and methods

Cell culture. Human mesenchymal stem cells (hMSCs) de-
rived from bone marrow were purchased from Cambrex
Bio Science (Walkersville, MD, USA). Their donor was an
African American woman aged 19 years. The cells that we
obtained from Cambrex Bio Science were second-passage
cells. The hMSCs were cultured in mesenchymal stem
cell basal medium (MSCBM; Cambrex Bio Science) sup-
plemented with mesenchymal cell growth supplement
(MCGS; Cambrex Bio Science), L-glutamine, and 100 U/mi
penicillin-streptomycin at 37°C under a 5% CO, atmo-
sphere. The cells were seeded at a density of 6000 cells/cm’
: were subcultured when they were just subconfluent
(approximately 90% confluent) up to the 10th passage, cor-
responding to the 12th passage from when the hMSCs were
collected from the donor. The human cervical carcinoma
cell line HeLa S3 (JCRB Cell Bank, Osaka, Japan) was

Table 1. Primers and annealing temperatures used for real-time PCR

cultured using Ham’s F-12 culture medium (Dainippon
Pharmaceutical, Osaka, Japan) containing 10% fetal bovine
serum (FBS) (Intergen, Purchase, NY, USA) and 100 U/ml
penicillin-streptomycin (Invitrogen, Carlsbad, CA, USA).
The human hepatoma cell line HepG2 (Riken Bioresource
Center, Tsukuba, Japan) was cultured using minimum es-
sential medium (MEM) (Nissui Pharmaceutical, Tokyo,
Japan) containing 0.1mM nonessential amino acids
(NEAA) (Invitrogen), 10% FBS (Intergen), and 100 U/ml
penicillin-streptomycin (Invitrogen).

Preparation of total RNA. Because the purchased hMSCs
had been expanded in the manufacturing process as de-
scribed above, we express the 1st passage of the hMSCs in
this study as the 3rd from the primary culture. For quantita-
tive real time-polymerase chain reaction (RT-PCR), total
RNA was extracted from hMSC cultures during the 3rd,
5th, 7th, and 12th passages from the donor with Isogen
(Nippon Gene, Toyama, Japan). Total RNA was also ex-
tracted from Hela S3 and HepG2 cells once only with
Isogen (Nippon Gene).

Quantitative RT-PCR. RNA was then reverse-transcribed
into ¢cDNA using a First Strand cDNA Synthesis Kit for
RT-PCR (AMV) (Roche Diagnostics, Basel, Switzerland).
Primers and annealing temperatures for the c-myc
oncogene, nucleostemin, Wnt-8B, transforming growth fac-
tor (TGF)B3, and TGFPRIII are summarized in Table 1.
Amplifications were carried out for 10s at 95°C, for 155 at
each annealing temperature, and for 12s at 72°C for
40 cycles. Amplifications of TGFp1, TGFp2, TGFARI,
TGFBRII, and Smad3, plus glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) as a housekeeping gene, were
performed using Light Cycler Primer Sets (Roche Diagnos-
tics). PCR was performed in Light Cycler Fast Start DNA
Master SYBR Green 1 (Roche Diagnostics) in a Roche
Light Cycler (software version 4.0).

Statistical analysis. All results are shown as means * SD.
The significance of the differences in mean values was
evaluated by Student’s ¢ test.

Gene name GenBank Primer Nucleotide sequence Starting Size for the Annealing
accession orientation sequence PCR temp. (°C)
number position amplicon(bp)
c-myc V00568 Forward 5’- GCG AAC ACA CAACGT C-3 1626 315 50
' Reverse 5’- CAA GTT CAT AGG TGA TTG CT -3’ 1940

nucleostemin X91940 Forward 5- CCA TTC GGG TTG GAG TAA -¥ 782 284 50
Reverse 5’- CTG TCG AGC ATC AGCC -3 1065

Wnt-8B NM_014366  Forward 5’- AGT GAC AAT GTG GGC T -3’ 331 244 60
. Reverse 5’- CGT GGT ACT TCT CCT TCA G -3 574

TGFB3 NM_003239  Forward 5’- AAA CAC CGA GTCGGA A -3 535 284 60
g Reverse 5’- TGC CAC CGA TAT AGCG -¥ 818

TGFBRIII 'NM_003243  Forward 5’- TCC CTA TCC CGC AAG C-¥ 2369 189 60
Reverse 5’- AGA TTA TCG AGG CGT CC -3 2557

PCR, polymerase chain reaction; TGFB3, tiansfroming growth factor B3; TGFBRIIL, TGFp recepter type III



Results

The proliferation rate of hMSCs decreased with the length
of in vitro culture (Fig. 1). The effects of the in vitro culture
term on hMSC proliferation and the mRNA expressions of
three TGFp isomers (TGFp1, 2, B3) and their receptors
type I, II, and III (TGFBRI, RII, RIII) in hMSCs were
investigated (Fig. 2). The mRNA expressions of TGF1,
TGFP2, and TGFPRI increased with the length of cell cul-
ture (Fig. 2A,B,D), but there had been no change in the
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Fig. 1. Proliferation of human mesenchymal stem cells (hlMSCs) in the
3rd, 5th, 7th, and 12th passages. hMSCs were seeded at 1.7 X 10° cells/
F 60-mm dish (6000 cells/cm®), and cells were counted after 2, 4, and 8
days. The initial cell number (0 days) is expressed as 1, and the other
cell numbers (2, 4, and 8 days) are expressed relative to that of day 0.
n=3
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TGFp3, TGFBRII, and TGFRRIII mRNA expressions by
the 12th passage (at about 3 months) (Fig. 2C,E,F). In addi-
tion, the mRNA expression of Smad3, which is one of the
R-Smads activated by TGFp and activin, in hMSCs was
investigated. The mRNA expression of Smad3 decreased
in the 5th and 7th passages of hMSCs but increased in the
12th passage (Fig. 3). The mRNA expressions of c-myc in
hMSCs were higher in the 5th and 7th passages than in the
3rd and 12th passages (Fig. 4A). The mRNA expressions of
nucleostemin in hMSCs decreased with the length of cell
culture (Fig. 4B).

. 0.045
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0.035}
0.03 |
0.025
0.02¢
0.015¢
0.01|
0.0051
0 . . : .
3 5 7 12

Smad3 / GAPDH

(passage No.)

Fig. 3. Effect of in vitro culture length on mRNA expression of Smad3
in hMSCs. The expression of Smad3 relative to GAPDH in confluent
cultures of hMSCs in the 3rd, 5th, 7th, and 12th passages was investi-
gated by quantitative RT-PCR. Mean values with SDs are presented.
Asterisks denote statistically significant differences compared with the
3rd passage (*P < 0.05)
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Fig. 4. Effect of in vitro culture length on the mRNA expressions of c-
myc (A) and nucleostemin (B) in hMSCs. Expressions of the two genes
relative to GAPDH in confluent cultures of hMSCs in the 3rd, 5th, 7th,
and 12th passages were investigated by quantitative RT-PCR. Mean
values with SDs from three independent experiments are presented.
Asterisks denote statistically significant differences compared with the
3rd passage (*P < 0.05)

The mRNA expressions of TGFpBs and TGFf receptors
in hMSCs of the fifth passage were compared with those of
two kinds of cancer cells (HeLa S3 and HepG2) (Fig. 5).
TGFp1 mRNA levels in hMSCs and HepG2 cells were
significantly higher than those in HeLa S3 cells (Fig. 5A).
The mRNA expressions of TGFf2, TGFp3, TGFBRI, and
TGFBRII in hMSCs were significantly higher than those in
the cancer cells (HeLa S$3 and HepG2) (Fig. 5B,C,D,E).
TGFBRIII mRNA expression in hMSCs was significantly
higher than that in HeLa S3, but lower than that in HepG2
(Fig. SF). The expressions of several genes affecting cellular
proliferation in all three cells were also investigated. The
mRNA expressions of c-myc oncogene and nucleostemin in
the cancer cells (HeLa S3 and HepG2) were significantly
higher than those in hMSCs (Fig. 6A and B). Wnt-8B
mRNA was expressed in the cancer cells (HeLa S3 and
HepG2), but not in hMSCs (Fig. 6C). Wnt-8B mRNA was
not expressed in any passage numbers of hMSCs (data not
shown).

Discussion

In this study, we investigated the changes of gene expres-
sion profiles during in vitro culture of hMSCs to evaluate
their safety for use in clinical applications and tissue-
engineered medical devices. First, the time dependency of
the growth speed of hMSCs derived from bone marrow up
to the 12th passage (at about 3 months) was investigated.
The proliferation rate of hMSCs decreased by degrees dur-
ing 3 months of in vitro culture (Fig. 1). No marked changes
of hMSC morphology in 3 months of in vitro culture were

Fig. 5. mRNA expressions of 250 : 300 -
TGFpL (A), TGFp2 (B), TGFB3 % ATTGFBT | I o5 D : TGFp RI
.(C), TGFBRI (D), TGFBRII T I € 200
(E), and TGFBRIII (F) in & 150 Po]
hMSC, HelLa $3, and HepG2 = = 150
cells. The expressions of the i 100 £ 100
four genes relative to GAPDH 3 sp & 50 "
in confluent cultures of h(MSCs, ™ 0 , * _k o T 005
HelLa S3, and HepG2 were
investigated by quantitative RT- hMSC Hela S3 HepG2 hMSC Hela S3 HepG2
PCR. Mean values with SDs 80 160
from three independent T 70 B: TGFg2 Z 140 E: TGFB Ril
experiments are presented. O g T 420
Asterisks denote statistically % <
S . 50 O 100
significant differences from S 2 = gof
hMSCs (*P < 0.05) S 30 E
G 20 L 40
F 10 i # F 20 *
0 0
hMSC Hela 83 HepG2 hMSC Hela S3 HepG2
70 250
T 60 C:TGFB3 | & ,40 F:TGFBRIll
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é 40 (2 150 :
o 30 Z 100
X N
= 101 i " s o *®
hMSC Hela S3 HepG2 hMSC Hel.a S3 HepG2
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Fig. 6. mRNA expressions of c-myc (A), nucleostemin (B), and Wnt-
8B (C) in hMSC, HeLa S3, and HepG2 cells. The expressions of the
three genes relative to GAPDH in confluent cultures of hMSC, Hel.a
S$3, and HepG?2 cells were investigated by quantitative RT-PCR. Mean
values with standard deviations from three independent experiments
are presented. Asterisks denote statistically significant differences from
hMSCs (*P < 0.05)

observed. Several hMSCs derived from other donors’ bone
marrow did not undergo extraordinary proliferation either
(data not shown). Adult stem cells have a self-renewal abil-
ity and undergo multilineage differentiation to maintain
adult tissues.” In this study, however, hMSCs had more
limited proliferative potential in in vitro culture. This phe-
nomenon in hMSCs derived from bone marrow is the same
result as that in hMSCs derived from adipose tissue re-
ported by Rubio et al.'’ In addition, a decreasing cellular
proliferation rate is often observed in several types of nor-
mal cells during in vitro culture. Consequently, these results
suggest that hMSCs derived from bone marrow will seldom
undergo spontaneous transformation during the 1-2 month
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Fig, 7. Changes in the expressions of TGFp signaling genes during
hMSC in vitro culture for 3 months. The dotted arrows indicate the
TGFB signal pathway. White arrows, no changes; black arrows, up or
down changes

period of in vitro culture necessary for use in clinical appli-
cations. But why does the proliferation of hMSCs decrease
during in vitro culture? To focus on the proliferation
mechanism of stem cells, we investigated whether the ex-
pressions of several genes related to cellular proliferation in
hMSCs changed during in vitro culture. In the present
study, we examined the expressions of TGFps, their recep-
tors, Smad3, c-myc, nucleostemin, and Wnt-8B. It has been
proposed that the loss of TGFBRIII in renal cell carcinoma
(RCC) is necessary for RCC carcinogenesis, and loss of
TGFBRII leads to acquisition of the metastatic phenotype.”
Therefore, the absence of changes in TGFBRII and
TGFBRIII in hMSCs during in vitro culture might be im-
portant. The changes in mRNA expression levels during in
vitro culture were different in each TGFp isomer and recep-
tor. TGF signal transduction in the cellular pathway is only
possible through activation of TGFBRI. It was interesting
that only TGFBRI mRNA expression increased with the
length of cell culture among the three kinds of receptors
(Fig. 2). The mRNA expressions of Smad3 increased (Fig.
3), but those of c-myc and nucleostemin decreased (Fig. 4)
with the length of cell culture. We summarize the changes of
TGFp signaling gene expression during in vitro culture
of hMSCs for 3 months in Fig. 7. TGFp inhibits the growth
of the many kinds of epithelial cells and hematopoietic,
lymphoid, and endothelial cells.”** In hMSCs as well as in
the above-mentioned cells, hMSC growth might be con-
trolled by TGFp family signaling. As shown in Fig. 7, we
hypothesized that the expressions of TGFB1 and TGFp2 in
hMSCs increased during the period of in vitro culture, and
then activated TGFBRI repressed the transcription of c-
myc through Smad3; consequently, the cell cycle and cell
growth might be arrested in hMSCs.
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In addition, we compared the gene expression profiles of
hMSCs with two kinds of cancer cell lines. One was HeLa
S3 (a human cervical cancer cell line), which is markedly
transformed, and the other was HepG2 (a human hepatoma
cell ling), which retains some hepatic functions. The mRNA
expressions of TGFPs and their receptors in hMSCs were
significantly higher than in the two types of cancer cells
(HeLa S3 and HepG2) (Fig. 5). On the other hand, the
mRNA expressions of c-myc and nucleostemin of the stem
cells (hMSCs) were significantly lower than those of the
two types of cancer cells (Fig. 6). Wnt signaling promotes
self-renewal of hematopoietic, intestinal epithelial, and
keratinocyte stem cells, among others:?’ however, Wnt-8B
was not expressed in hMSCs derived from bone marrow
(Fig. 6). These results suggest that expression of the genes
that inhibit cellular proliferation and tumorigenesis were
significantly higher and the genes that promote these pro-
cesses were lower in hMSCs than in the cancer cells. Thus,
the expression profiles of the genes that regulate cellular
proliferation in hMSCs were significantly different from
those of cancer cells.

Conclusion

In the present study, we confirmed that spontaneous trans-
formation seldom occurred in hMSCs derived from bone
marrow during 1-2 months of in vitro culture for use in
clinical applications. In hMSCs, as in epithelial cells, growth
might be controlled by TGFf family signaling. During the
period of in vitro culture of hMSCs, the expressions of
TGFp1 and TGFp2 increased, and then activated TGFBRI
repressed the transcription of c-myc through Smad3; conse-
quently, the cell cycle and cell growth might have been
arrested in hMSCs. In addition, the expression profiles of
the genes that regulate cellular proliferation in hMSCs were
significantly different from those of the cancer cells.
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Abstract: Recent study has shown that biodegradable
polymers are attractive candidates for chondrocyte fixation
and further transplantation in cartilage tissue engineering.
Poly (glycolic acid) (PGA), a polymer of glycolic acid, is
widely used in orthopedic applications as a biodegradable
polymer. Organotin, lead, antimony, and zinc are catalysts
commonly used in synthesizing PGA. Here, we investigated
the biocompatibility of PGA, synthesized with and without
inorganic tin as a catalyst in chondrogenesis of human ar-
ticular chondrocytes in a micromass culture system. Signif-
icant enhancement of chondrocyte proliferation and expres-
sion of the collagen type II protein gene were observed in

cultures treated with PGA synthesized with a tin catalyst.
However, aggrecan gene expression was very similar to the
control culture. Amount of collagen type II protein was also
increased in the same group of cultured chondrocytes. In
contrast, PGA without a catalyst caused overall inhibition of
chondrogenesis. Despite several positive findings, extensive
investigations are essential for the feasibility of this PGA(Sn)
in future clinical practice. © 2005 Wiley Periodicals, Inc.
] Biomed Mater Res 77A: 84-89, 2006

Key words: poly (glycolic acid); inorganic tin catalyst; hu-
man articular cartilage; chondrogenesis; micromass culture

INTRODUCTION

Different synthetic biodegradable polymers are cur-
rently gaining importance in the fields of biotechnol-
ogy and tissue engineering. Recently, many studies
have evaluated the potential of various natural bioab-
sorbable polymers such as collagen, ' alginates, >~
fibrin, ¢~% and gelatin, ° but synthetic biodegradable
polymers in general offer advantages over natural
materials. The primary advantages include the capac-
ity to change the mechanical properties and degrada-
tion kinetics to suit various applications. Among the
families of synthetic polymers, polyesters are used in
a number of clinical applications.’®™* Polyesters have
also been used for development of tissue engineering
applications, '*** particularly for bone tissue engineer-
ing.ls,lz
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The attraction of poly (glycolic acid) (PGA), one of
the aliphatic polyesters, as a biodegradable polymer in
medical applications is that its degradation product,
glycolic acid, is a natural metabolite. Several studies
have indicated that copolymers of glycolic acid caused
promotion of nerve regeneration in a rat model, 16-18
and regeneration of an 80 mm nerve gap by an artifi-
cial nerve conduit made of PGA was also reported.'’
PGA can be synthesized using different catalysts. The
common catalysts used include organotin, lead, anti-
mony, and zinc. It was reported that inorganic and
organic tin compounds present in the aqueous ecosys-
tem have toxic effects and are capable of producing
behavioral abnormalities in living organisms.?**" Or-
ganotin compounds are known to cause neurotoxicity, 2
cytotoxicity, > immunotoxicity, and genotoxicity ** in
human and other mammalian cells both in vitro and in
vivo. Organotin compounds were also reported to de-
crease in vitro survival, proliferation, and differentia-
tion of normal human B cells.”® The dose effect of
inorganic tin in rats suggests that the critical organ in
inorganic tin toxicity is bone, ** and disproportionate
dwarfing syndrome, which severely affects the limbs
but not the trunk, was observed in rats that had been
injected with certain tin compounds.® As far as we
know, no study yet has reported the chondrogenic
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effects of PGA synthesized with and without an inor-
ganic tin catalyst. In this study, the biocompatibility of
PGA with and without a tin catalyst was investigated,
using human articular chondrocytes (HAC) in a mi-
cromass culture system.

MATERIALS AND METHODS

Medium and polymers used for cell culture

Chondrocyte growth medium was obtained commercially
from BioWhittaker (Walkersville, MD, USA). PGA synthe-
sized with inorganic tin [PGA(Sn)] (M,, = 1500) and without
a catalyst (PGA) (M,, = 1100) were custom-made (TAKI
chemicals, Kakogawa, Japan) and dissolved in dimethyl sul-
phoxide (DMSQ) (Sigma Chemical, St. Louis, MO, USA).

Cells and culture methods

Human articular chondrocytes (HAC) of the knee joint
was commercially obtained from BioWhittaker. High-den-
sity micromass cultures were started by spotting 4 X 10°
cells in 20 pL of medium onto Costar 24-well tissue culture
microplates (Costar type 3526, Corning). After a 2 h attach-
ment period at 37°C in a CO, incubator, culture medium (1
mL/well) was added to each well. Media were supple-
mented with DMSO (0.8 wL/mL), PGA, and PGA(Sn) (50
g/ mL). HAC cultured with DMSO was used as the control.
The cultures were continued for 4 weeks with a medium
change twice a week. At least four cultures were performed
for each sample.

Cell proliferation study

Cell proliferation was quantitatively estimated by crystal
violet (Wako Pure Chemical Industries, Osaka, Japan) stain-
ing, as previously described.®® After the culture period, cells
were fixed with 100% methanol at room temperature, fol-
lowed by application of 0.1% crystal violet in methanol.
After a proper wash, cells were again incubated in methanol;
100 uL from each well was transferred to a new 96-well
plate, and the absorbance was measured at a wavelength of
590 nm, using an ELISA reader (Bio-Tek Instruments, Wi-
nooski, VT). Blank values were subtracted from experimen-
tal values to eliminate background readings.

Differentiation assay

Cell differentiation assay was performed by alcian blue
(Wako Pure Chemical Industries, Osaka, Japan) staining, as
previously described.* Following crystal violet staining, the
cells were washed with methanol and then 3% acetic acid.
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Cultures were then stained with 1% (v/v) alcian blue in 3%
acetic acid, pH 1.0. The cartilage proteoglycans were ex-
tracted with 4M guanidine hydrochloride (GH), and the
bound dye was measured at wavelength of 600 nm, using an
ELISA reader (Bio-Tek Instruments). Fresh 4M GH served as
the blank. Blank values were subtracted from experimental
values to eliminate background readings.

Analytical assays

Comumercially available assay kits (collagen and glycos-
aminoglycan [GAG] assay kits, Biocolor, Newtownabbey,
Northern Ireland) were used for the measurement of colla-
gen and sulfated GAGs within the cultured cells, as previ-
ously described.*

Briefly, for the GAG assay, GAG was extracted from the
cultured cells using a solvent system of 4M guanidine-HCl,
0.5M sodium acetate, pH 6, with 1 mM benzamidine-HCI, 1
mM phenylmethylsulfonyl fluoride (PMSF), and 10 mM N-
ethylmaleimide (NEM). Incubation was carried out at 4°C
on an orbital shaker for a 12- to 20-h period. After the
extraction, the samples were centrifuged, and blyscan dye
reagent (composed of 1,9-dimethyl methylene blue in an
organic buffer) was mixed with the supernatant. The GAG-
dye complex was collected by centrifugation. The dye bound
to the pellet was subsequently solubilized by mixing it with
a dissociation reagent. The absorbance of the samples was
measured at a wavelength of 656 nm, using a UV spectro-
photometer. A calibration solution containing chondroitin-4
sulfate was used to obtain the standard curve for this exper-
iment.

The total collagen concentration (acid- and pepsin-soluble
fractions) of the cultured chondrocytes was also measured.
The acid-soluble collagen was removed by adding 0.5M
acetic acid to the cultured cells, followed by centrifugation.
The remaining pepsin-soluble collagen was subsequently
extracted from the cultured cells. A pepsin solution (1
mg/10 mg tissue sample; Sigma) was added to the cells, and
they were incubated overnight at 37°C. Both the acid- and
pepsin-soluble collagen samples were further separated for
assay by mixing with Sircol dye reagent for 30 min in a
mechanical shaker, and the collagen-dye complex was col-
lected by centrifugation. The dye bound to the collagen
pellet was solubilized with an alkaline reagent, and the
absorbance of the samples was measured at a wavelength of
540 nm, using a UV spectrophotometer. A calibration stan-
dard of acid-soluble type I collagen was used to obtain the
standard curve for this experiment.

Real-time polymerase chain reaction

To detect the presence of collagen type Il and aggrecan,
single-stranded cDINA was prepared from 1 g of total RNA
by reverse transcription (RT), using a commercially avail-
able First-Strand cDNA kit (Amersham Pharmacia Biotech,
Uppsala, Sweden). Subsequently, real-time polymerase
chain reaction (PCR) was done using a LightCycler system
with LightCycler FastStart DNA Master SYBR Green I
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(Roche Diagnostics, Penzberg, Germany). The LightCy-
cler™- Primer set (Roche Diagnostics) was used for quanti-
tative detection of the collagen type II and aggrecan genes,
and also for quantitation of a housekeeping gene, Glyceral-
dehide-3-phosphate dehydrogenase (GAPDH), according to
the manufacturer’s instructions. An initial denaturation step
at 95°C for 10 min was followed by amplification and exten-
sion steps for 35 cycles (95°C for 10 s, 68°C for 10 s, 72°C for
16 s) with final extension step at 58°C for 10 s. The quanti-
fication data were analyzed with the LightCycler analysis
software (Roche Diagnostics).

Statistical study

Student's t tests were used to assess whether differences
observed between the polymers treated and the control sam-
ples were statistically significant. For comparison of groups
of means, one-way analysis of variance was carried out.
When significant differences were found, Tukey's pairwise
comparisons were used to investigate the nature of the
difference. Statistical significance was accepted at p < 0.05.
Values were presented as the mean * SD (standard devia-
tion) except in figure 3. Four samples were run for each case.
All experiments were repeated at least twice, and similar
results were obtained.

RESULTS

Cell proliferation

Chondrocyte proliferation was quantified by crystal
violet staining and expressed as a percentage of the

250

200 +

150 +

100

% of Control

50 4

DMSO  PGA

Figure 1. Proliferation of HAC estimated by crystal violet
staining. Cell proliferation was significantly increased in
PGA(Sn)-cultured chondrocytes compared with that of the
control. *p < 0.05. All experiments were run in quadrupli-
cate for two separate times.
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Figure 2. Differentiation of HAC estimated by alcian blue
method. Cell differentiation was significantly inhibited in
PGA-cultured chondrocytes compared with that of the con-

trol. *p < 0.01. All experiments were run in quadruplicate
for two separate times.
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average control value (Fig. 1). Cell proliferation was
increased 1.8-fold (p < 0.05) in PGA(Sn)-treated cul-
tures compared with that of the control culture,
whereas cell proliferation in PGA-treated cultures was
almost identical to the DMSO-ireated control culture.

Cell differentiation

Chondrocyte differentiation was estimated by al-
cian blue staining and the amounts were expressed as
a percentage of the average control value, which was
calculated as 100%. Chondrocytes treated with PGA
revealed a 0.71-fold (p < 0.01) decrease in cell differ-
entiation compared with that of the control culture. At
the same time, cultures treated with PGA(Sn) showed
a slight, but nonsignificant, decrease in cell differenti-
ation (Fig. 2).

Extracellular matrix gene expression

Extracellular matrix gene expression was quantita-
tively measured by real-time PCR. Here, compared
with that of the control culture, the collagen type II
gene was more strongly expressed (p < 0.01) in
PGA(Sn) than in PGA-treated cultured chondrocytes
[Fig. 3(A)]. Aggrecan gene expression was inhibited in
the latter, but no difference was observed between the
former and the control culture [Fig. 3(B)].
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Figure 3. Extracellular matrix gene expression of HAC by
real-time PCR. (A) Collagen type II gene was more strongly
expressed in PGA(Sn)- than PGA-cultured chondrocytes
compared with that of the control culture. (B) Aggrecan gene
expression was inhibited in PGA, but no difference was
observed between the PGA(Sn) and the control. All experi-
ments were run in quadruplicate for two separate times.

Measurement of collagen type II protein

The amount of pepsin-soluble and cartilage-specific
collagen type II protein was increased in both PGA
and PGA(Sn) treated chondrocytes on comparing with
that of the control culture(Fig. 4). However, this in-
crease was more in the latter than in the former case.

Measurement of total collagen

Quantitativey estimations of both acid- and pepsin-
soluble total collagen revealed a decrease in PGA(Sn)-
treated cultures compared with that of the control
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DMSO PGA PGA(Sn)
Figure 4. Measurement of collagen type I protein. The
amount of collagen type Il was increased in PGA(Sn)-treated

chondrocytes compared with that of control. All experi-
ments were run in quadruplicate for two separate times.

(Fig. 5). Simultaneously, there was a slight increase in
the amount of total collagen in PGA-treated cultures
compared with that of the control sample.

Estimation of sulfated glycosaminoglycan
concentration

Evaluation of the amount of sulfated GAG showed
a decrease in PGA(Sn)-treated cultured cells com-
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Figure 5. Quantitative estimation of total collagen protein.
The amount of total collagen was decreased in PGA(Sn)-
treated cultures compared with that of the control. All ex-

periments were run in quadruplicate for two separate times.



