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phosphate dehydrogenase. d, Osteoclastogenssis in the coculture of mouse bone marrow cells and ostechlasts by the threa kinds of conditioned media of J774 cells above,
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four- to sixfold by the implantation of non-treated PS particles, as
compared with those by the solvent alone, but were little affected
by the MPC-grafted particles, indicating that MPC grafting is
biologically inert (Fig. 4b}.

To further investigate the cellular and molecular mechanisms
underlying the prevention of osteoclastic bone resorption by the
MPC grafting, we first compared the phagocytosis of fluorescence-
labelled P8 particles with and without the MPC grafting by cultured
mouse intraperitoneal macrophages. Although large amounts
of non-treated particles were phagocytosed by macrophages,
the MPC-grafted particles were not taken into the cells, probably
because biocompatible MPC polymer prevented macrophages
from recognizing the particles as foreign bodies (Fig. 52). We next
examined the secretion of bone-resorptive factors by macrophages

[

exposed fo the particles. Concentrations of TNF-q, IL-1, IL-6 and
PGE; in the culture medium of mouse macrephage-like cell line
J774 cells were 4-20 times more stimulated by the exposure to
non-treated PS particles than those without the exposure: however,
the expostre to the MPC-grafted particles affected none of them
{Fig. 5b). When the conditioned media of 7774 cells were added to
2 mouse osteoblast culure, the receptor of NF-kB ligand (RANKL)
was strongly expressed by the medium exposed to non-treated
particles, but not by that exposed to the MPC-grafted particles
(Fig. 5c}. These results indicate that the MPC grafting prevented the
secretion of resorptive factors by macrophages and the subsequent
RANKL expression by osteoblasts. Finally, osteoclastogenesis in the
coculture of mouse bone marrow cells and osteoblasts was increased
about sevenfold by the conditioned medium of J774 cells exposed
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to non-treated PS particles as compared with the control, and this
stimulationwassignificantlyinhibited by addition of anti-TNF-q, anti-
-1 or anti-IL-6 antibody, a cyclooxygenase-2 {COX-2) inhibitor
celecoxib, and a RANKL inhibitor osteoprotegerin; this confirmed
the involvement of some network systems of these factors in the
osteoclastogenesis by wear particles. Contrarily, the conditioned
medium of }774 cells exposed to the MPC-grafted particles did
not increase osteoclastogenesis (Fig. 5d). These biological findings
indicate that the MPC grafting can successfully inhibit the bone-
resorptive response to wear particles to levels similar to those of
recently developed pharmacological therapies such as cytokine
antagonists, COX-2 inhibitors and osteoprotegerin®®. Because the
lack of side effects of the MPC grafting has already been confirmed
clinically by several medical devices', this surface grafiing will
surpass the pharmacologic therapies that possibly cause servious side
effects during a long period of administration after surgery.

For these biological stadies, we initially &ried to use the PE wear
particles isolated from the hip-simulator experitnent above; however,
it turmed out to be impossible because the PE particles could not be
isolated from the lubricants without damaging the MPC polymer layer.
The lubricants after loading contain abundant and adhesive proteins
that were degraded and precipitated by the heat generated by the head-
liner friction. For the isolation of PE particles, it is essential to digest the
proteins using strong hydroxide®**2, which cannot avoid breaking the
chemical structure such as the esteratichond of the MPC unit. In fact, the
XPS analysis of the surface of isolated particles revealed the lack of the
MPC polymer layer. In addition, even if we could isolate the PE particles
with MPC gratting properly, the amount from the MPC-CL-PE liner
was too small to be used for the biclogical experiments. We therefore
attempted to graft MPC onto the surface of new PE particles or the wear
particles from the simulator experiment; however, the floating nature
of PE on the liquid surface due to the low specific gravity made the
photoinduced polymerization of MPC impossible, because the grafting
procedure requires that the particles be agitated in the liquid®. Hence, for
the biological experiments weused PS particles that have conventionalty
been used for the #n vivo and n vitro analyses of partide-induced
osteolysis as a substitute for PES**, PSisahydrocarbon polymer just like
PE, but has a higher specific gravity than PE. Because these two polymers
share similar physical and chemical properties—electrically neutral and
little chemical sensitivity—we believe that biological responses to these
particles are also similar.

Taken together, the present results demonstrate that grafting MPC
onto the PE liner surface of the hip prosthesis markedly decreased
the friction and the production of wear particles. In addition, even if
the particles were produced by friction, they were biologically inert
with respect to phagocytosis by macrophages and subsequent bone-
resorptive responses: secretion of cytokines and PGE,, induction of
RANKL, and osteoclastogenesis.

Although thisstudy focused on the hip prosthesis, whose loosening
is the most frequent and serious among total joint replacements
of upper and lower extremities, the MPC grafting can be used for
the prevention of periprosthetic osteolysis of other joints, in which
PE particles from articalar interfaces are also known to initiate the
catabolic cascade®™™, From the mechanical and biological advantages
shown in this study, we believe that the MPC grafting will make a
significarit improvement in total joint replacements by preventing
periprosthetic osteolysis and aseptic loosening. The development of
this technique would improve the quality of care of patients having
total joint replacements and have a substantial public health impact.
We are now designing a large-scale clinical trial.

METHODS

Far mechanical analyses,a 12-siation hip-joint wear simwlator apparahus (MTS, MTS Systems,
Minneapokis, Minnesota) with thres kinds of PE kfiers it 42 rom acetabular cops: non-cresslinked 92
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liner (K-MaY, Tapan Medieal Materials, Osabe}, crosslinked PE liner (R-MAX Excellivk}, and MPC-
grafted K-MAX Bxcellink, coupled to 22 mm cobait—chrominm-molybdenurn alloy heads (K-MAX
HH-02, Excellink), was mounted on rotating blocks to produce bisdal or arbital motion', The sintala-
tor experiment was performed according to the intermational staderd of “jmplants for susgery — weor
of total hip-joint prosthesis” estublished by 150 (#14242-1; 2602}, which was proved to be closest o the
physiological conditions. Briefly, a Paul-type toading profile, which is a physiologival walking simulati
with continuous cyclic motion and loading, was applied {maximnm force = 280 kef, frequency = 1 Hz}#”
in the fubricant of distilled water containing 25% bovine call serum. Friction urque between the ner
and the lemeral head was measured using a torque mezsaring nstrument, The simukator Was an ap o
3% 10* cyeles, and the change of lubricant and gravimetric measretnent of the tiners were performed
every § x 10° cycles. For the isolation of wear particles, the lubricant atter the loading was incubated
with 5 N NaOH selufion in order to digest adhesive proteins that were degraded and precipitated; the
particles were then callected ard underwent sequential filtrations, as reported previously*?, The size of
particles was defined as the meximum dimensions by SEM analysis.

For biological analyses, all anirnal experiments wete performed according to the guidelines of
the Interuational Assotiation for the Study of Pain™, and were approved by the committee of Tokyo
University charged with confirming ethics. The in vive mouse calvaria ekperiment was performeed
as reported previously™-. Briefly, after exposing the calvaria of mice, 2 subperiasteal injection of PS
particles {average diameter = 468 nm; Polysciences, Warrington, Pennsylvania) with or without the
MPC grafiing, or an squal volume of salvent {deionized water) alone was performed.

Mice wers sacrificed soven days after the surgery, and the calvarta was atised, fived, and decaleified
in BDTA, Osteoclastogenssis in the cosonal histologieal scctions what detcetnined by TRAP staining,
The sections were subjected to histomorphargetric anatyses under a light microscope with a micrometer,
and parameters for bone resorption were measired as reperfed previowsty™, For the phagocytosis
expariment, mowss Eraperitotieal teacrophages were isclated, etposed to Btror labelled particles,
cultizred for 1 h, and observed with z Aucrescence micrascope. Monse smacrophage-Hke cell Iine 3774 cells
{Biken Cell Bank, Seitama, Japan} were exposed to particles and cultured for 24 b. The supernatants were
subject to cytokine and PGE, measurernents using the ELISA method, md were nsed as the conditioned
media for the following assays. For the RANKL expression esta); mouse osteoblests fsolated fiom
neanats] calvasias were cultured in the conditioned madie for 24 b RANKL expression in osteoblasts
was d nsing the sermi-g ive and reai-time revarse transcription polymerase chain Teaction
(RT-PCR) analpses. The information on the primers is availsble upen request. For osteoclast formation
assay, mouse primesy usteoblasts abovie and bune raarrow cells isolated from adull mouse long bones
Were cocullured in the conditioned mediz in the presence vr sbsence of anti-TNFea, anti-TL, anti-L-
& nntibady, contrel non-immune scram, celeconib or osteoprotegerin, Ciells were stained with TRAT,
and those positively stained and containing more than three nucled were cownted as osteoclasts. For the
statistical analysis, means of gronps were compared oy ANOVA and the sipnificance of diffarences was
determined by post-hoc testing using Bonferroni's method,
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To recognize and control ligand—receptor interactions at the interface between cells and polymer materials,
we investigated a model system with an enzyme and a substrate conjugated with a biocompatible phospholipid
polymer in an aqueous medium. We explored the regulation of enzyme~—substrate (ES) complexation using
horseradish peroxidase (HIRP) as the enzyme and 4-aminoantipyrine (AAP) and 3-(p-hydroxyphenyl) propionic
acid (HPPA) as substrates. The phospholipid polymer (PMBN), composed of 2-methacryloyloxyethyl
phosphorylcholine, #-butyl methacrylate, and p-nitrophenyloxycarbonyl poly(oxyethylene)methacrylate, was
prepared and conjugated with AAP (PMBN—AAP conjugate). The formation and dissociation of the ES
complex were investigated using capillary electrophoresis and fluorescence spectroscopy. In the chart of
the capillary electrophoresis, a much longer retention time of HRP was observed in the PMBN—AAP
conjugate-coated capiliary compared with that in a nontreated capillary. The retention time was significantly
longer in compatison with the case of a mixed solution of HRP and AAP. This result clearly shows that
HRP forms an ES complex with the immobilized PMBN—AAP conjugate and that the addition of AAP to
the medium inhibits the interactions between HRP and the PMBN—AAP conjugate. Though HRP forms an
ES complex with both AAP and the PMBN—AAP conjugate, the ES complex with the PMBN—AAP
conjugate was easily dissociated by addition of HPPA as an alternative subsirate because HRP started to
react with the HPPA immediately. However, the HRP that formed an ES complex with AAP fell behind in
reacting with the HIPPA. The activity of HRP was maintained at the initial level in the presence of the
PMBN—AAP conjugate at 25 °C for 1 week. Additionally, even under H,0; conditions, HRP stored with
the PMBN-~AAP conjugate maintained 40% of the initial activity whereas HRP was deactivated within 6
h. This result indicates that the PMBN—AAP conjugate could block the active sites by formation of an ES
complex. This is due to the formation of the ES complex, which retained the structure of HRP by blocking
the active sites. On the basis of these results, we considered thai the reversible attachment and detachment

by PMBN conjugated with specific ligands from cellular receptors will be realized.

Iniroduction

Ceil adhiesion to an extraceHular mairix (ECM) is neces-
sary for subsequent cell fanctions such as proliferation and
differentiation.! Cells can form: tissues, which are mediated
by the interactions between ligands on the ECM and
receptors on the cell membrane. These interactions impart
regulation of the cell functions. However, in vitro, conven-
tional polymer materials such as polystyrene, polyurethane,
and poly(ethylene terephthalate), which are produced in-
expensively on an industrial scale, have been used for cell
and tissue engineering, In general, cell growth was observed
on these conventional materials; however, there is a pos-
sibility of causing an inflammatory reaction.? Additionally,
when different kinds of cells are cocultured on these
materials, one is swrounded by the other or one of them
cannot sutvive because of the difference in proliferation
potencies or adhesive properties.’* Therefore, new suit-
able materials that can mimic the functions of ECM and

* To whom cortespondence should be addressed. Tel.: +51-3-5341-
7124, Faxt: +81-3-3841-8647. Bomail: ishihara@bmw.(u-tokyo.ac.jp.

impart regularities such as temporal and spatial controls
to cells should be designed for tissue regeneration in
vitro,

The final goal of this study is regulation of the timing to
start cell adhesion on material surfaces. This can be achieved
by using a water-soluble polymer conjugated with ligands.
Water-soluble ligand molecules such as Arg-Gly-Asp-Ser
prevent adhesion of cells on material surfaces,” but those
cells can never adhere again. On the conttary, ligands
conjugated to the polymer backbone could form a complex
with cellular receptors and prevent adhesion of cells tem-
porarily, but the addition of free ligand molecules could
dissociate the complex and allow the cells to adhere to the
material. We explored the possibility of this “reversible
blocking of cellular receptors with artificial ligands” using
the enzyme—substrate (ES) complexation as a fundamental
tool (Figure 1). An enzymatic reaction can be considered a
low molecular model of the interaction between celflular
receptors and specific ligands. Both are reactions in which
a protein reacts with specific molecules; that is, the ES
complex corresponds to a receptor—ligand complex.

10.1021/6m0344250 CCC: $27.50 @ 2004 American Chemical Society
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Figure 2. Chemical structures of (a) PMBN and (b) the PMBN—AAP
conjugate.

For this purpose, the polymer is required to be bioinert.
Polymers composed of 2-methacryloyloxyethyl phosphoryl-
choline (MPC) and r-butyl methacsylate (BMA) suppress
not only protein adsorption and cell adhesion but also the
inflammatory reaction to adherent cells.5% This is due to
the fact that the MPC has the same polar group as the
phosphatidylcholines that are typical phospholipids mainly
located at the outer surface of the cell membrane.’ The
surface of the MPC polymer shows excellent biocompat-
ibility, In addition to its bicinert nature, the polymer is also
required to be able to conjugate with specific molecules. With
this in mind, a2 novel phospholipid polymer (PMBN, Figure
2a} composed of MPC, BMA, and P-nitrophenyloxycarbonyt
poly(oxyethylene)methacrylate (MEONP) was designed.
One of the monomer units, the MEONP unit, has an active
ester group in the side chain, 0 it can conjugate with specific
biomolecules via a urethane bond. 1142

It has already been reported that an enzyme conjugated
with a phospholipid polymer shows the high stability,!? but
the effects of a phospholipid polymer conjugated with
substrates on enzymatic reaction or enzymatic activity have
not been clarified yet. In this study, we investigated the effect
of a substrate conjugated with the PMBN on the formation
and dissociation of an ES complex using horseradish
peroxidase (HRP) as the enzyme, 4-aminoantipyrine (AAP)
and 3-(p-hydroxyphenyl) propionic acid (HPPA) as sub-
strates, and regulation of the enzymatic activity by the
PMBN—AAP conjugate. This idea will be developed to
regulate cell adhesion for cell and tissue engineering.

Biomacromolecuias, Vol. 5, No. 3, 2004 859

HRP has a high stability and is widely used in the enzyine-
linked immunosorbent assay.™ The enzymatic reaction of
HRP can be observed with a UV detector, because both HPR
and the reaction intermediate of HRP have specific absorp-
tion spectra.'® Qne of the substrates of HRP, HPPA, can be
detected with high sensitivity by fluorescence spectroscopy,
and AAP has an amine group and can conjugate to PMBN.

Capiltaty electrophoresis was utilized as an affinity capil-
lary electrophoresis, which can recognize specific molecules
and specific affinity interactions such as ES and DNA
interactions.! In this stmdy, interaction between HRP and
AAP was estimated by capillary electrophoresis.

Experimensat Section

Materials, Poly(oxyethylene) monomethacrylate (MEQQH)
obtained from NOF Co., Lid., (Tokyo, Japan) was used
without further purification. The average number of repeating
units in the poly(oxyethylene) chain of MEOOH was 4.5 as
determined by 'H NMR (JROL INM-GX 270, Tokyo, Japan)
spectroscopy. BMA (Wako Pure Chemicals Co., Ltd., Osaka,
Japan) was parified by distillation under a reduced pressure,
and the fraction of bp 63 °C/24 mmHg was used. MPC was
synthesized by a previously described method and used afler
recrystallization from acetonitrile.'? p-Niteophenyichlorofor-
nate was purchased from Sigma-Aldrich, Co. (St. Louis,
MQ), and HRP (100 units/mg), AAP, and HPPA were from
Wako Pure Chemicals and used as received. The other
reagents were commercially available and used without
further purification.

Synthesis of MEONP and PMEBN. One of the monomer
units, MEONP, was synthesized as previously described.'?
Briefly, equimolar amounts of MEQOH and triethylamine
(TEA) were added to p-nitrophenylchloroformate dissolved
in chloroform at —30 °C. The precipitate in the mixture,
which was triethylamine hydrochloride, was filtered off, and
the solvent was evaporated under a reduced pressure. Afier
addition of dry diethyl ether to the residue, filtration and
evaporation were repeated twice and MEONP was then
obtained. The chemical structure of MEONP was confirmed
by Fourier transform inftared spectoscopy (FT/IR-615, Jasco,
Tokyo, Japan) and ‘*H NMR (JEOL AL300, Tokye, Japan).
Poly(MPC-co-BMA-co-MEQNP) (PMBNa: “a” represents
the MPC unit mol % in the PMBN) was synthesized by a
conventional radical polymerization in ethanol solvent using
2,2"-azobisisobutyronitrile as an initiator.’® By analysis of
phosphorus and p-nitrophenol, the composition of each
monomer unit in PMBN was determined, and the molecular
weight of PMBN was evaluated by gel-permeatior chroma-
tography (column: OHpak SB-803 HQ, Shodex, Tokyo,
Tapan) with poly(ethylene oxide) (PEQY) standards.

Conjugation with the Substrate. Water-soluble PMBN4(0
was dissolved in 2 mL of aqueous AAP solution containing
100 mg of AAP. The final concentration of PMBN40 was
50 mg/mL. The solutions wete kept under three different
conditions: at 37 °C for 48 h, at 37 °C for 24 h, and at
room temperature for 24 h. In the case of water-insoluble
PMBN30), ethanol was used as a solvent. After conjugation,
0.1 M NaOH solution was added to the solutions to lydrolyze
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Table 1. Synthetic Resuits for PMBN#

Takei et al.

monomer unit composition {mol %)

in feed in polymer®
code MEC BMA MEONP MPFC BMA MEONP Mot solubility in water?
PMBNSC 30 65 5 27 61 12 3.8 x 104 -
PMBN40 40 50 10 38 47 t5 3.6 x 104 +

2 [Moromer] = 1.0 M, [AIBN] = 10 mM In ethanal, temperature = 60 °C. & Determined by analysls of phosphorus and prnitraphenck. © Detarmined by
GFC In water/CH0H = 37, PEQ standards. ¢ Solubility was determined with 10 mgimL of sach polymer sample and described as solubls (+} and

Insaluble (—).

the remaining active ester groups. Low-molecular-weight
byproducts and unreacted AAP were removed by a dialysis
membrane (molecular weight cutoff: 10 000, Pierce, Rock-
ford, TL) with double-distilled deionized water for 2 days.
The PMBN—AAP conjugate (Figure 2b) was obtained by
Iyophilization. The amount of AAP contained in the PMBN—
AAP conjugate was determined by fitting to the calibration
curve of AAP for absorbance at 265 nm. The Michaelis
copstant (K,) was evaluated by the reaction of three
PMBN40—AAP conjugates, which have different amounts
of AAP, and was compared with that of AAP. The K, value
was determined from the increase in absorbance at 415 nm
that was derived from the reaction intermediate.

Formation of the ES Complex. Formation of the ES
complex was examined by measuring the retention time of
HRP by capillary electrophoresis (CAPI-3300, Gtsuka Elec-
tronics, Osaka, Japan). An ethanol solution of 0.5 wt %
PMBN30—AAP conjugate was allowed to flow through the
capillary whose intemal diameter was 75 ym and length was
50 cm, and then the etharol was vaporized by a flowing air
flush, These processes were repeated twice, and we obtained
the capillary coated with the PMBN30--AAP conjugate. The
capillary was maintained at 25 °C and charged at 6 KV. The
HRP soiution (0.5 mg/mL), 18 mM AAP solution, and the
mixed solution of the HRP and AAP (concentration of HRP
and AAP were 0.5 mg/mL and 18 mM, respectively) were
electrophoresed for 39 min and detected with 2 UV detector
at 200 nm. Phosphate-buffered saline (PBS, 100 mM, pH =
7.1) was used as the medium for electrophoresis.

Dissociation of ES Complex. Dissociation of the ES
complex was examined by fluorescence spectroscopy (FP-
6500, Iasco, Tokyo, Japan). The ES complex was formed
by mixing an equal amount of 0.1 mg/mL HRP solution with
various AAP solutions (including the PMBN40—AAP con-
jugate). Fifty microliters of those solutions was then added
to 1.5 mL of the 3.6 yM HPPA solution. The ES complex
formed between HRP and AAP was dissociated by the
addition’ of HPPA. On addition of the 0.3 mg/mI. H,0,
solution (25 gL}, the reaction started, and an increase in
fluorescence intensity at 404 nm, which indicates the reaction
of HPPA, was observed. On the basis of this fluorescence
intensity, the enzymatic activity of HRP stored with the
PMBN40—AAP conjugate was also measured, and the effect
of the ES complex on the engymatic activities was investi-
gated.

Results and Discussion

Synthesis Results for PMBN. The synthesis resuits for
PMBN are shown in Table 1. The weight average molecular

Table 2. Results of Conjugation with AAP under Varlous
Conditions

AAP
time temperature concentration® conversion®
sample {h) (°C) fmi) (%)
PMBN40-AAP{L} 24 22 3.6 x 10~2 57

6.59 x 102 11.2
13.6 x 1072 23.0

PMBN4O~AAP(M) 24 37
PMBN4O—AAP(H) 48 37

2 AAP congentration when the palymer concentration was 1 mgimL.
£ 100% means that all active ester groups react with AAP.

weight (M) was roughly 4 x 10* based on PEQ standards,
The monomer unit composition was quantitatively related
to the feeding ratio. The polymer having gbout 40 unit mol
% of MPC, PMBN40, could be dissolved in water, bat the
polymer with 30 unit mol % of MPC (PMBN30) had
insufficient solnbility in water. The solubility of the polymer
in water depends on the MPC unit composition.

AAP Conjugation. The amount of AAP in 1 mg/mL
PMBN40—AAP solution varied from 3.4 x 1072 0 1.4 x
10~! mM on changing the conditions of conjugation. Table
2 shows that the amount of AAP incorporated in the polymer
was dependent on the temperature and reaction time. The
obtained conjugates were abbreviated as follows: [PMBN40—
AAP(H), PMBN4O—-AAP(M), and PMBN40—AAP(L), re-
gpectively]. When the PMBN40-AAP(H) conjugate was
dissolved in water at 1 mg/mL, the concentration of AAP
was 1.36 x 107! mM. In the PMBN40—AAP(H) conjugate,
23% of the active ester groups was converted to AAP. These
congentrations of AAP in the three conjugates were sufficient
for the enzymatic reaction, which was estimated using fiee
AAP and HRP, The K}, value of the PMBN—AAP conjugate
was 1.1 x 16— M, and this vaiue was about one-tenth that
of AAP (2.0 < 1074 M). This result indicates that the affinity
of the PMBN40—AAP conjugate for HRP is higher than that
of AAP. This is because the local concentration of AAP in
the PMBN—AAP conjugate became high as a result of
immobilization, The PMBN40—AAP(H) conjugate was used
in the following experiments.

Capillary Electrophoresis, In Figure 3, the retention time
of HRFP, AAP, and the mixed solution of the HRP and AAP
in electrophoresis is shown. In the case of the nontreated
capillary, the retention time of the HRP was similar to that
of AAP. However, using a capillary costed with the
PMBN30—AAP conjugate, HRP was detected about 2 min
later than AAP, while electrophoresis of HRP with AAP
showed no delay in the retention time. In the case of the
mixed solution, both charts were almost the same. These
results indicate that the clution of HRP is delayed by the
interaction with the PMBN30— AAP conjugate immobilized
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inside of the capiltary, but the addition of the AAP inhibits
this interaction by forming the ES complex before electro-
phoresis. It is considered that the PMBN—AAP conjugate
has an ability to form an ES complex with the HRP. With
AAP, the PMBN—AAP conjugate could not formn the ES
complex with the HRP because the ability of AAP to form
the ES complex was decreased by conjugation with PMBN.
Therefore, the PMBN30—AAP conjugate can block the
active sites of HRP temporarily and the ES complex with
the PMBN30—AAP conjugate would be easily dissociated
by changing the surrounding conditions.

Fluorescence Spectroscopy. Figure 4 shows the change
in the fluorescence intensity at 404 nm with the addition of
varigus HRP solutions into HPPA. The increase in fluores-
cence intensity indicates that the enzymatic reaction occurs
between HRP and HPPA, When the mixed solution of HRP
and AAP was added to HPPA, the time priot to starting the
reaction was delayed, and a time lag appeared that was
dependent on the congeniration of AAP. The high concentra-
tiont of AAP prevented the reaction of HPPA with HRP, so
HRP reacted with AAP first. The concentration of AAP
became low and HPPA was then allowed to react. However,
in the case of the PMBN40—AAP. conjugate, HPPA im-
mediately reacted, though the amount of AAP equaled the
1.4 x 107" mM solution of AAP. This result shows that
binding interactions of the ES complex between HRP and
the PMBN40—AAP conjugate were not as strong as with
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Figure 5, Change in enzymatic activity of HRP incubated with the
PMBN40-AAP conugate in PBS at 25 °C (a) without M0z and (b)
with H202. The symbaols represent (W) native and (O) PMBN4G—AAP-
{+).

the combination of HRP and AAP. Considering the K, value,
because the affinity of the PMBN40—AAP conjugate for
HRP is higher than that of AAP, a decrease in the binding
force was caused by the change in mobility of AAP by
conjugation to PMBN.

The change in the enzymatic activity of HRP is shown in
Figure 5. Under the PBS condition, the activity of HRP was
maintained for 1 week, and the existence of the PMBN40—
AAP conjugate was not unfavorable for HRP, When stored
with H,0; HRP was deactivated within 6 h but the
PMBN40—AAP conjugate sustained the HRP activity and
40% of the initial level was maintained. Considering that
H;0; affects the heme at the active sites of HRP, this result
shows that the PMBN40—~AAP conjugate can block the
active sites of HRP and has the potential to preserve the
structure of HRP.

Conclusions

The bivinert phospholipid polymer that can conjugate with
specific molecules was prepared for tissue regeneration in
vitro. To investigate the possibility of reversible blocking
of the cellular receptor by ligands conjugated with PMBN,
the regulation of ES complexation by a substrate conjugated
with PMBN was explored as a receptor—ligand model. One
of the substrates, AAP, could conjugate with PMBN under
moderate conditions, The PMBN—AAP conjugate reacted
with HRP effectively as a result of the high local concentra-
tion. From the capillary electrophoresis, it was shown that
the PMBN--AAP conjugate could form a complex with
HRP, but the ability to form a complex was decreased by
conjugation. From the flyorescence studies, a complex
between the PMBN—AAP conjugate and HRP was easily
dissociated by the addition of HPPA as an alternative
substrate, while the complex between AAP and HRP could
not dissociate. The temporary blocking of the active site of
the enzyme was reafized by conjugating the substrate with
PMBN. This is a promising approach to reversibly blocking
cellular receptors. It is considered that ligands conjugated
with PMBN can form a complex with the cellular receptor,
but this complex would be easily dissociated. Through this
reversibte blocking of the cellular receptor, a regulation of
the timing to start cell adhesion on material surfaces can be
realized. This technique can be applied to stacking cells in
layers. These studies are currently In progress.
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PPARYy insufficiency enhances osteogenesis
through osteoblast formation
from bone marrow progenitors
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Based on the fact that aging is associated with a reciprocal decrease of osteogenesis and an increase of adi-
pogenesis in bone marrow and that osteoblasts and adipocytes share a common progenitor, this study inves-
tigated the role of PPARY, a key regulator of adipocyte differentiation, in bone metabolism. Homozygous
PPARYy-deficient ES cells failed to differentiate into adipocytes, but spontaneously differentiated into
osteoblasts, and these were restored by reintroduction of the PPARygene, Heterozygous PPAR rdeficient
mice exhibited high bone mass with increased osteoblastogenesis, but normal osteoblast and osteoclast
functions, and this effect was not mediated by insulin or leptin. The osteogenic effect of PPARY haplo-
insufficiency became prominent with aging but was not changed upon ovariectomy. The PPARY haploin-
sufficiency was confirmed to enhance osteoblastogenesis in the bone marrow cell culture but did notaffect
the cultures of differentiated osteoblasts or osteoclast-lineage cells. This study demonstrates a PPARY-
dependent regulation of bonte metabolism in vivo, in that PPARYinsufficiency increases bone mass by stim-
ulating osteoblastogenesis from bone marrow progenitors.

Introdustion

Osteoblasts and adipocytes share a common progenitor: multipo-
tential mesenchymnal stem cells in bonie marrow (1-3). Accurnulac-
ed evidence of the differentiation switching of these two cell lin-
eages suggests that a large degree of plasticity exisis between them
and that the relationship is reciprocal (4-6). The clinical fact chat
a decrease in bone volume (BV) of age-related osteoporosis is
accompanied by an increase in marrow adipose zissue (7-9) also
implies the possible reciprocal relationship that is postulaced to
exist between the two differentiation pathways. The signal crans-
duction pathways implicated in this process are cherefore evaluar-
ed as poendial (argets for therapeutic intervention of osteopoto-
sis. The molecolar mechanism uadetlying the reciprocal
relationship is aot yet well undersiood, however, alihough several
studies using strain-specific and KO murine models have begun to
explore the relationship in vivo (10-15).

Several key transcription factors that function in the complex
cranscripeional cascade during adipocyte differentiation have been
identified, including PPARY and CCAAT enhancer-binding proteins
{C/EBPs) {16). PPARyis a ligand-activated iranscription factor that
belongs o the nuclear hormone receptor superfamily and functions
as a hererodimer with a retinoid X recepror by hinding to the PPAR
responsive element (PPRE} within che promoters of che target genes

(17-19). PPARY is expressed eatly in che adipocyte differentiation
program and is activated by long-chain facty acids, peroxisome pro-
liferators, and the thiazolidinedione class of antidiabetic agents
(17-19). Most imporcantly, PPARY plays requisite and sufficient
roles in the regufation ol adipocyte differentiation, because ils over-
expression in fibroblast cell lines initiates adipogenesis (20) and ES
cells and embryonic fibroblascic cells from mice lacking PPARywere
unable to differentiace into adipocytes (21~23).

When one rakes the resules of the studies togecher, it is possible chat
PPARYmay contribute not only to adipogenesis, but also to osteoge-
nesis in the bone marrow where biporenial precutsors can differen-
tate o either adipocyies or osteoblasts. This stedy investigated the
physiological rale of PPARYon the martow cells and bone cells using
in vive morphological analyses and ex vivo eell culture systems, For
the in vivo analysis, we used mice lacking cthe PPARY gene, which we
genetared by gene rargering (22). Although the homozygous PPARY
deficient {(PPARY/-) mice were embryonicallylethal ac 10.5-11.5 days
after post coiturn due to placental dysfuncrion, heterozygous PPAR Y
deficient (PPARY ) mice developed normally. The heterozygotes led
to a 50% reduction in PPARY expression and exhibited resistance to
high-fai diet-induced vbesity and insulin resistance; however, on a
standard diet they grew nonmally, without abnogmalities in major
otgans such as brain, hear, liver, spleen, or kidney (22, 24). We show
here that the homozygous PPAR¥deficient ES cells spontanecusly

Nonstandard abbeeviations used: alkaline phosphatase (ALP); bone moarphogenetic
provein-Z (BMP-2); bone valume (BV); CCAAT enhancer-binding proreins (C/EBPs};

cemputed tomography (CT); LDL receptor-relared protein 5 (LRP3); leukemiz inhibito-

1y factor {LIF}: M-CSF-dependent bone marrow macrophage (M-BMM¢); recepror
acxivator of nuctear Factor kB ligand (RANKL): ovatlectomy {OVX); PPAR responsive
slement {PPRE); tartrate-resistant acid phosphatase (TRAP); tissue volume (TV); gype I
collugen &t chain (COL1AT),
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differentiare into osteoblasts ex vivo and that PPARY haploinsufTi-
clency due to the heterozygous M'PARYdeficiency resulted in enhanced
bone formation with increased osteoblastogenesis from bone mar-
tow progenitors both in vivo and ex vivo.

Methods
Animals. The generation of PPARY gene-targeted mice was
described previously (22). In each experiment, W1 and PPARy/-
Mumber s
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mice liccermates fed a standard diec were compared. All experiments
were performed on male mice at 8 o 52 weeks of age, except for the
ovariectomy {OVX) experiment in which female mice underwent
surgical operation at 26 weeks and were analyzed at 30 weeks, All
experiments were petformed according to the protocol approved by
the Animal Care and Use Committee of the University of Tokyo.

ES cell cultures. Mouse PPARy- and WT ES cells were isolated
from blastocysts generated by mating PPARY/ mice with each
ocher, as previously described (25). BS cells were maincained in
DMEM medium supplemented with 15% FBS, 200 mM t-glu-
tamine, 100 4M B-mercaptoethanol, and 108 U/ml of lenkemia
inhibitory factor (LIF; Chemicon Internarional, Temecula, Cali-
fornia, USA). Differentiation of ES cells was induced by using a
modified protocol, described previously (2, 26}, In brief, after
being trypsinized with 0.025% wrypsin-EDTA, cells were plated
onto abacterial Petri dish in the absence of T.IF and culrured with
100 aM all-trans retinoic acid for § days, with medium being
replenished on day 3. The embryoid bodies were transferred to a
gelatinized six-multiwell plate and allowed to adhere to the well
with DMEM containing 10% FBS. For the analysis of osteogenic
differentiation, cultures were maintained in the same condition
without any additional supplements for 10 days, were fixed with
10% buffered formalin, and were incubated in the presence of 5%
silver nitrate solution under an ultravioled Light for 10 minutes,
then incubated for § minutes in the presence of 5% sodium thio-
sulfage solution (von Kossa staining). To discern che calcified nod-
ules from the embryoid body, both of which are seen as black, the
von Kossa~-positive nodules that do not connecr to the embryoid
body in a well were counted. For the analysis of adipogenesis, the
medium was supplemented with 1 \M troglitazone (Sankyo Phar-
maceutical Co., Tokyo, Japan) for 10 days, fixed in 10 mM sodium
perindate, 2% paraformaldehyde, 75 mM t-lysin dihydrochloride,
and 37.5 mM sodium phosphate, and then scained in a filcered
solution of 0.3% oil red O in 60% isopropanol for 15 minutes. The
red-stained, lipid vacuole-containing cells in a well were couneed.
To rescue osteoblast and adipocyte differenciation of PPARYY ES
cells, che recombinanc retrovirus vector carrying the PPARYgene
and empry vector were constructed as previously described (22),
ES cells were infected with equal titers of each recombinant virus
as described (20), with some modification.

Skeletal morphology and blood chemistry. A bone radiograph was
taken with a sofi x-ray apparaius (SOFTEX; CMB-2, Tokyu, Japan).
A three-dimensional CT scan was taken using a composite x-ray
analyzing system (NX-HCP; NS-ELEX Inc,, Tokyo, Japan) and the
trabecular bone area (percentage of BV per tissue volume [TV]) was
measured on the computed tomography (CT) image. All histolog-
ical analyses were carried our using WT and PPARYF littermates
as previously described (27}, Parameters for che trabecular bone
and the number of bone marrow adipocyles was measured in an
area 1.2 mum in length from 0.5 mm below the growth plate at the
prozimal metaphysis of the tibiae. The number of adipocytes in
this area was derermined by counting that of oval vacuales in the
toluidine blue staining, The chickness of the growth plate was mea-
sured at the proximal tibiae. Serum insulin was measured by
insulin immunoassay (Marinaga Inscitute of Biological Science,
Yokohaina, Japan), and leptin was assayed with the ELISA-based
Quantikine M mouse leptin immunoassay kit (R&D Systems Inc.,
Minneapolis, Minnesoia, USA).

Primary bone marvow cell cultures. Bone marrow cells were col-
lected from long bones of 8-week-old PPARY/ and W1 male lit-
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termates. Cells were plated at a density of 106 cells on a six-muldi-
well plate in 0-MEM concaining 10% FBS, with 1 uM troglitazone
for the adipogenesis assay and wich 50 g/ml ascorbic acid and 10
mM P-glycerophosphate for osteogenesis assay, The oil red O
staining was performed as mentioned above at 14 days of culture.
For the alkaline phosphatase {ALP), cultured plates were rinsed
with PBS, fixed in 100% ethanol at 10 days of culture, and stained
with Tris-HCl-buflered solution (pH 9.6) containing naphthol
AS-MX phosphate as a substrate and Pasc Blue BB salt (Sigma-
Aldrich, 8c. Louis, Missouti, USA) as a coupler. For the Alizarin
red § staining, culeured plates were rinsed with PBS at 21 days of
culture, fixed in 10% buffered formalin, and scained wich 2%
Alizarin red § (pH 4.0) (Sigma-Aldrich). The von Kossa staining
was performed as mentioned above at 28 days of culcure, For the
groweh curve assay, bone marrow cells derived from either WT or
PPARy /- littermates were inoculated at a density of 107 cells per
dish in 10-cm cultute dishes in 0-MEM containing 10% FBS, 50
Hg/ml ascorbic acid, and 10 mM B-glycerophosphate, and then
was cultured for 3 days. The adherent cells were then harvested
and inceulared at a density of 3 x 105 cells/dish in 10-cm culture
dishes and further cultured in che same medium, The number of
cells per dish was counted 1, 2, 3, and 4 days after the seeding,

Real-time quantitative RT-PCR. Total RNA was extracted with an
ISOGEN kit (Wako Pure Chemicals Indusity Lid,, Osaka, Japan),
according to the mamtfacturer’s instructions, from BS cells cul-
erred for 10 days after the embryoid bodies were transferred to gela-
tinized plates and from bone marrow cells cultured for 14 days after
the seeding. One microgram of RNA was reverse-transcribed using
a Takara RNA PCR Kit (AMV) ver. 2.1 (Takara Shuza Co., Shiga,
Japan) to make single-stranded cDINA. PCR was performed on an
ABI Prism 7000 Sequence Derection System (Applied Biosystems
Inc, Foster City, California, USA), The PCR reactions consisted of
QuantiTect SYBR Green PCR Master Mix (QIAGEN, Tokyo, Japan),
0.3 uM specific primers, and 500 ng of cDNA. Relarive levels of
mRNA of a specific gene were calculated using che standard curve
generated with cDNA dilutions, with normalization to actin as an
internal control. PCR primers of specific genes used for ampiifica-
tion ate available upon request.

Primary osteoblastic cell cultures. Osteoblasic cells were isolated from
calvariae of neonatal WT and PPARY/- littermates as previously
described (27). For the cell proliferation assay, cells were inoculated
at a densiy of 104 cells/well in a 24-muliiwell plate, culwared in che
same medium for 48 hours, and deprived of serum for 12 hours
before adding the experimental medium with and wichouc troglita-
zone {1 §iM) or FGF-2 (1 nM; Kaken Pharmaceurical Co., Chiba,
Japan), Incorporation of [*H}-thymidine {1 uCi/ml in the medinm)
added for the final 3 hours was measured after 24 hours of culuure,
For ALP acrivity measurement, cells were inoculaced at a density of
10* cells/well in a 24-multiwell plate and culiured in o-MEM con-
taining 10% FBS and 50 ug/ml ascorbic acid with and without trogli-
tazone (1 M) or bone morphogenetic protein-2 (BMP-2; 30 ng/m;
Yamanouchi Pharmaceutical Co., Tokyo, Japan). At 14 days of cul-
eure, cells were sonicaced in 10 mM Tris-HC1 buffer {pH 8.0} con-
tainintg 1 mM MgCl; and $.5% Triton X-106. ALP accivity in che
lysate was measured using a Wako ALP kit (Wake Pure Chemicals
Industry Ltd.), and the protein content was determined using a BCA
protein assay reagent (Pierce Chemical Co., Rockford, Iltinois, USA).
For Alizarin red § and von Kossa stainings, cells were inoculated at
a density of § x 10+ cells/well in a six-mubetiwell plate in 0-MEM con-
taining 10% FBS, 50 wg/ml ascorbic acid, and 10 mM B-glyc-
Number & 847
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erophosphare, and were stained at day 21 and 28, respectively, as
mentioned above. Difference in manarity between che bone marrow
cells and rhe calvarial osteoblasts was examined by che calcified nod-
ule formartion determined by Alizarin red S staining and the osteo-
calcin expression determined by real-time PCR analysis,

Assays for osteoclastic cells. Tartrate-resistant acid phosphatase-
positive (TRAP-positive) multinucleated osteaclasts were generared
by coculturing osteoblastic cells (104 celis/well) and bone marrow
cells (5 ¢ 10° cells/well) derived from either WT or PPARY/" litter-
mates, as mentioned above, in a 24-multiwell plate in a-MEM con-
taining 10% FBS for 6 days with and without 1,25(011);D; (10 oM),
prostaglandin Eq (100 nM), and 1L-11 {10 ng/md). Cells positively
stained for TRAP containing more than three nuclei were counted
as osteoclasts. To determine bone resorption activity, osteoclascs
formed by the coculture on $.24% collagen gel coated on 100-mm
dishes were digested with 0.2% collagenase solution, and a 1:50
aliquot including osteoclasts was seeded on a dentine slice. After 48
hours of culture in o-MEM containing 10% FBS, the total area of
pits scained with 0.5% roluidine blue was evaluaved using an image
analyzet. To study the role of PPARY intrinsic ro osteoclastic cells, we

A PPARY"

used the M-CSF-dependent bone marvow macrophage (M-BMM)
culture system as described previously {28). Briefly, bone matrrow
cells from WT or PPARY/- mice were seeded at a density of 3 x 18°
cells/well in a 24-multiweli plate and culcured in 0-MEM contain-
ing 10% FBS with M-CSF {100 ng/ml). After culturing for 3 days,
adherent cells (M-BMM#) were further cultured with M-CSF (100
ng/ml) and sojuble recepeor activatot of nuclear factor ¥B ligand
(RANKL) {100 ng/ml) for 3 days. TRAP-positive osteoclasts were
counted. To decermine the survival, osteoclasts generated as above
were deprived of M-CSF/soluble RANKL and culcured for an addi-
rional 48 hours. At 3, 6, 12, 24, and 48 hours, the TRAP-positive and
trypan blue-negative osteoclasts were counced.

Statistical analysis. Means of groups were compared by ANOVA, and
significance of differences was determined by post-hoc testing using
Bonferroni’s method.

Resuits

Ostengenesis is enhanced in the homogygons PPAR Ydeficient ES cell culture.
To examine the invelvement of the PPARY signalinig in fat and bone
metabolism, we first compared the adipogenesis and osteogenesis in
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Adipogenesis and osteogenesis in the mouse ES cell cultures of homozygous PPARydeficient (FPARy-) and WT genotypes. As a rescue experi-
ment, PPARy was reintroduced into PPARy ES cells using a refrovirus vector carrying the PPARy gene (Rx-PPARY or the same ratrovirus vector
without the PRPARygens (Rx-vactor) as a contral. {A) The upper row shows the adipoganesis determinad by the oll red C staining of the ES cell sul-
ture in DMEM/10% FBS with trogiitazone. The number of oif rad O—positive cells stained in red was counted and shown in the jeft graph as the cells
per square centimater. The images in the lower row indicate the osteogeniesis determined by the von Kossa stalning of the ES cail culture in
DMEM/10% FBS without any osteogenic supplaments. The number of von Kossa-positive caleifiad nodules stalned in black was counted and shown
in the right graph as the number per square centimeter. Scale bar: 20 um. (B} Relative mRNA levels of the marker genes for ostecblasts -- COL1A1,
ostaocalcin and Runx2 — determined by real-ime quantitative RT-PCR 10 days after the embryoid bodies were transferred to a gelatinized sixmul-
tiwell plate in DMEM/1 0% FBS without any osteogenic stipplements. The ordinate axis indicates the relative amount of mRNA as compared with that
of WT, Data are expressed as means (bars) = SEMs (error bars) for eight wells per group. *Significant difference from the WT culture, P < 0.0,
*Significant restoration by Rx-PPARyas compared with the control PPARy+ and PPARy+ plus Fievector cultures; P < 0.01, Cont, control,
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Radiological analysls and blood chemistry of heterozygous PPARydeficient (PPARy} and WT liltermates at 8 weeks (A and B) and 52 waeks
{C and D} of age. (A and C) Plain %ray images of femora and tibiae (loff) and three-dimensional CT images of distal femora (right) of represen-
tative PPAR - and WT litermates. (B and D) Trabecular BV expressed ags percentage of total tissue voluma (BV/TV [%4]) at the distal fermora was
measured on the CT image. The number of adipocytes in the bone marrow, measured histologically, is shown here for collation with the BV/TV
data. Insulin and leptin levels in serum taken just before the sacrifice were quantified using immunoassay kits. Data are expressed as means
{bars) » SEMs (arror hars) for eight mice per group for PPAR - and WT mice. Significant diffarence from WT: *P < 0.01, #P < 0.05.

the cultures of ES cells between PPARy and W1 (W1 or PPARY /)
genotypes tsolated from blastocysts generated by maring PPARy -
mice (Figure 1A), In the presence of troglitazone, a thiazolidinedione
thae is a porent ligand of PPARY, a substantial amount of oil red
O-positive adipocytes was formed from W1 ES cells, whereas adi-
pogenesis was not seenl in the PPARy/- ES cell culeure (Figure 1A,
upper tow of photographs). To confirm che direct association
between PPARY and adipogenesis, PPARY was reintroduced into
PPARY’ ES cells using a recrovirus vector catrying the PPARY gene
(Rx-PPARY). Adipogenesis was restoted Lo the level similar to thay of
WT culpure, although ingroduction of che same retrovirus vector
withour the PPARygene {Ry-vecrot) did nor affect ic. We then exam-
ined the osteogenesis in the PPARY/- and WT ES cell cultures. Sur-
prisingly, in DMEM/10% FBS wichout osteogenic supplements such
as dexamerhasone, B-glycerophosphate, ascorbic acid, or BMP, the
formation of von Kossa-positive bone nodules was potendy induced
in the PPARy/- ES cell culture, while this was not seen at all in the
WT culture (Figure 1A, lower row of photographs). Quantitative
analysis of (he mRNA levels by the real-time R1-PCR method
revealed thar the marker genes for osteoblasts — cype I collagen o1

chain (COL1A1), osteocalein, and Runx2 — were upregulated in the
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PPARy /- ES cell culire as compared with the WT culiure (Figure
1B). Reintroduction of PPARyinco the PPARY culture by Rx-PPARY
significanily decreased the nodule formation and osievgenic mark-

er gene expressions, while the concrol Rx-vector altered neither (Fig-

ure 1, Aand B). When one takes these results togecher, che observed

mirror image regularions between adipogenesis and osteogenesis by

loss and gain of the PPARY funciion suggest a switching mechanism

betwzen the two differentiation pathways from common progeni-

tors through the PPARY signaling.

PPARybaploinsufficiency leads to high bone mass in vivo. To learn Lhe
effect of the PPARY insufficiency in vivo, we analyzed the bones of
PPARY mice because che homozygous deficient fetuses died too
early for their skeletal analyses to be performed, PPARY/- mice
showed normal weighe gain withouc visible general lipodystrophy
on a seandatd diet during the observation period of up to 52
weeks of age. The lengihs of the trunk and long bones were also
similar to those of WT littermates, indicating that PPARY is not
involved in the regulation of skeletal growth. X-ray and chree-
dimensional CT analyses of [emora and tbiae, however, revealed
that PPARY/~ mice showed about 40% higher trabecular bone
mass than WT litcermaces at 8§ weeks of age {Figure 2, A and B).
849
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Figure 8

Histological analysis of the proximal tibiag
of PRPARy+ and WT iittermates. {A) Histo-
logical features at proximal tiblas of
FPPARy and WT litermates. Villanueva-
Goldner staining, calcein double labsling,
and TRAP staining ware done at 8 weeks;
ioluldine blue stalning was dene at 52
waseks of age. In Vilianueva-Goldner stain-
ing, mineralized hone is slained green and
unmineralized bone osteoid red; scale bar:
100 pm, in calesin double labeling, the min-
eralization front is stained as a green line;
scale bat: 10 pm. In TRAP staining, TRAP-
positive osteociasts are stained red; scale
bar: 100 pum. In toluidine blue staining,
adipocytss are observed as oval vacuoles;
gcale bar: 50 pm. (B) Histornorphometric
parameiers at 8 wesks of age. Ob.5/BS,
percentage of bone surface covered by
cuboidal osteoblasts; OS/BS, percentage of

bone surface coverad by ostsoid; MAR,
9 _ F 6f 7 mineral apposition rate; BFR, hone forma-
< 1o =D e 10 tion rate expressed by MAR timas patcent-
E 3 4r fé? age of bone surface exhibiting double labels
@ Bl _'g 2 s plus ona-half single labels; Oc.N/B.Pm,
o 2r numbser of mature osteoclasts in 100 mm of
T bene perimeter; ES/BS, percentage of erad-
' 0 o ed surface. Data are expressed as means
WT PPARY* WT  PPARY* WT PPARy" {bars) + SEMs (atror bars) for sight mice
3r s 400 6 per group for PPARy~ and WT mice. *Sig-
£ = * . nificant difference fram WT, P < 0.01.
bl < £ £ 300 =
E 2 5 of EE g 4r
E € @ 8 200 @
% 1t = %3 G 2l
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Conurarily, the number of adipocytes ia the bone marrow deter
mined as described below tended to be lower int the PPARY*/ long
bones compared with W7 (Figure 2B). Similar changes of bone
and far were also seen in vertebral bodies (dara not shown), To
examine the involvement of systemic [actors that are known Lo be
relared to bone and fat metabolism, the serum levels of insulin
and leptin were compared between the two mouse genotypes.
PPARY*" mice showed lower, although not significantly lower,
serum insulin level and higher leptin level than WT littetrmaces as
reported previously (22, 29). Since insulin is known to be
osteogenic (30}, whereas leptin is antiosteogenie {11, 13, 31), nei-
ther of the changes in these hormunes could explain the increased
bone mass in PPARY /- mice.

Because age-related osteoporosts is known to be accompanied by
reciprocal increase of bone matrow adipocytes (7-9), we further
compared the bones of PPARY/ and WT litrermaces at 52 weeks of
age {Figure 2, C and D). The BV of fernora and tibiae was decreased
in both mouse genotypes at this age as compared with that ac 8
weeks; however, the difference of BV between PPARY/ and WT
became more prominent at 52 weeks than at 8 weeks (95% versus
40%, respectively). The number of bone marrow adipocytes, which
are shown as oval vacuoles hy the toluidine blue staining (Figure 34,
tight), was significantly decreased in PPARY/ mice at this age. This

850
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tendency was similarly observed in vertebral bodies (data noc
shown). Both insulin and leptin levels at cthis old age showed pat-
terns stinikar Lo those at 8 weeks, although significant differences
between the genotypes were not seen.

PPARyhaploinsufficiency leads to osteoblastogenesis in vive, We further
performed histological analyses of the proximal tibiae of 8-week-
old PPARy** mice. Villanueva-Goldner staining indicaced increas-
es of erabecular bones scained in green and osteoid surface stained
in red in PPARY/- mice as compared with WT lictermartes; howev-
er, bone formation by individual osteoblases determined by the cal-
cein double labeling and the number of TRAP-positive osteoclasts
was similar foe the two groups (Figure 34). Bone histomorphome-
tric analyses {Figure 3B) confirmed the increase of BV by PPARyY
haploinsufficiency to be about 40%. Among bone formacion
parameters, osteoblast surface and osteoid surface, both represen-
tative of the aumber of osteoblasts, were more than double in
PPARY?- than in WT ltretmates, while the mineral apposition rate
that reflects the bone formation ability of individual osteoblasts
did nor differ between them. Consequently, bone formarion rate
thar is derermined by the munber and the function of osteoblasts
became about wwice that by PPARY haploinsulficiency. Bune
resorprion parameters, ostenclast number, and eroded surface did
not differ berween PPARY /- and W1 mice. Taking chese histologi-

Numberd  March 2004



{178

A

Sham

WT
ovX
Sham

PPARY*~
OovX

Figure ¢

rasearch articie

B
g *
#
g 8
T 4 il
o
2%,
0
B *#
1)
@ 8 *
aE 4
=
o 2
- o
312
*
9
o £
%E 8 T
E 3 '-2"—I
E
#
Egmo #
&, E 300 e
ggaoo
8§1m
£ o
8 . #
g,._ 8 ST
\9. -
aL ¢
w 2 I |
o

Sham__OVX Sham._ OVX
WT FPPARY"-

Radiological and histomorphometric analyses of OVX and sham-operated (Sham) fsmale litarmates of PPARy- and WT genotypes. Female mice
underwent surgical operation at 26 weeks and were analyzed at 30 waeks of age. (A) Plain x-ray images of femora and tibiae (left) and three-dimen-
sional CT images of distal famora (tight) of representative mice. (B) Histomorphometric parametars, Data are eXpressed as means (bars) + SEMs
{arror bars) for eight mice per group for PPARy*+ and WT mice, *Significant diffsrence from WT, P < 0.01. Significant difference from sham, P < 0.05,

cal observations togecher, PPARY mice exhibited high bone mass
with increased osteoblastogenesis bit normal osceoblast and
osteoclast functions. The thickness of the growth plate at the prox-
imal tibiae was not diiferent between PPARY- and WT livtermates
(80.4 £ 9.6 and 82.7 £ 10.3 Jun, mean + SEM of eight mice each,
respectively), confirming that PPARy signaling is not important for
bone growth through chondrocyie functions.

PPARYhaploinsufficiency does not affect bone loss by OVX, To investi-
gate the involvement of the PPARy signaling in the mechanism of
bone loss by estrogen deficiency, OVX or sham operation was
undertaken on 26-week-old female PPARY /- and WT littermaces,
and BV was compared 4 weeks after the operation, X-ray and three-
dimensional CT analyses of femora and tibiae suggested that boch
EFPARYY and WT mice showed similar bone loss by OVX (Pigure
4A)}. Histomorphometric analyses (Figure 4B) showed that BV was
about 30% decreased by OVX in both PPARp/- and WY mice. These
decreases were accompanied by increases in bone formation and
bone resotprion parameters, indicacing z state of high bone
turnover, in both genotypes. Ilence, PPARY haploinsufticiency did
not affect the change of bone metabolism induced by OVX, sug-
gesting that the PPARY signaling does not contribute to osteope-
nia caused by estrogen deficiency,

PPARY haploinsuffiviency leads to vsteoblastogenesis from cultured bone
marrow cells. To investigate the cellular mechanism underlying che
- abnormality in the bone of PPARY/- mice, ex vivo cultures of botte
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marrow cells derived from long bones were performed. We first com-
pared che cell proliferation determined by the growth curve for 4 days
and found no difference beeween PPARY/ and WT marrow cells (Fig-
ure 5A). Adipagenesis from marrow cells in the presence of rroglisa-
zone was conlirmed (o be inhibited by PPARY haploinsufficiency,
however, since the number of oil red O-positive adipocytes was
decreased in the PPARY/- culture wo about half chai of the WT cul-
eure (Figure 5B), We further examined osteoblastogenesis in the bone
magrow cell culrure by comparing che numbers of colonies positive-
ly stained with ALP, Alizarin red S, and von Kossa (Pigure 5C). All
colonies were markedly increased in the PPARY/- culture as compared
with the WT culture, indicating the increase of osteoblastogenesis
from bone marrow progenitors by PPARY haploinsufficiency.

To farther investigate the regulation of expression of genes relat-
ed to bone metabolism by PPARY haploinsufficiency, we compared
mRNA levels of key or marker molecules for adipocyte and
osteoblast differentiations between PPARYY- and WT bone marrow
cells (Figure 5D). As expected, PPARY expression was reduced in the
PPARY marrow cells compared wich the WT. The levels of expres-
sion of ocher key factors for adipocyte differenciation, C/EBP-§ and
C/ERP-8, in the PPARY/- matrow cells were comparable to those of
WT, indicating thar PPARY was not essential for induction of these
C/EBPs; conttatily, C/EBP-g was significantly reduced. Based on
previous observations (16, 17, 22, 32, 33) and chese resules, it appears
thac C/EBP-B and C/EBP-8 lie upstream of PPARY, while C/EBP-tt is
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Adipogenesis and osteogenesis in the cultures of bone matrow cells from PPARY - and WT littarmates. (A) Growth ctrves of bone marrow cells iso-

iated frors PPARy* and WT mice. The adherent bons marrow cells were inoculated at a density of 3 x 10° cells/dish in 10-cm culture dishes. The-
celis per dish were caunted at 1, 2, 3, and 4 days of culture. Data ars expressed as means (symbols) = SEMs {srror bars) for sight dishes per group.

(B) Adipogenesis determined by oif red O staining in the culture of bone marrow cells in o-MEM/10% FBS with troglitazone. The graph indicates the

* number of positive cells per squars centimeter. {C) Ostgogenesis determined by ALP {upper row), Alizarin red {middle row), and von Kossa {lower

row) stainings in the ctiture of bone marrow cells in o-MEM/10% FBS with ascorbic acid and -glycerophosphate. The graphs below indicate the

number of ALP-positive (upper} and Alizatin red—positive (lower) colonies per well. Data are expressed as maans (bars) + SEMs {error bars} for eight

wells per group (B and C). *Significant difference from the WT culture, £ < 0.01. {D} Expression of key molecules for adipogenesis {FPARYy, C/EBP-8,

C/EBP-5, and C/EBP-¢:) and osteogenesis {Rurx2, osterix, and LRPS), and marker proteins for osteogenesis (COL1A1, ALP, asteocalcin, and osteo-

poniin) determined by quantitative RT-PCR in the bone matrow cells at 14 days of culture under the conditions above. The ordinate axis indicates
the relative amount of mANA as compared with thaf of WT,

regulared, a¢ least in part, downstream of PPARY. Regarding more mature than bone marrow cells, none of them showed a differ-
osteogenic factors, expressions of the putavive central determinants  ence between PPARY/ and WT mice (data not shown). This indicates
of major pachways for osteoblast differentiation, Runx2 (34), oster-  that PPARY haploinsufficiency affects only marrow progenitors, but
ix (35), and LDL receptor-telated protein 5 (LRPS) (36), were  not ceils chat are more committed to osteoblastic lineage. Further-
increased in the PPARy /- culture as compared with WT, indicating  more, studies using the coculture system of marrow cells/calvarial
thac che PPARY signaling directly or indirectly impaces these major  osceoblasts and che M-BMM¢ culture syscem (28, 37) also failed to
pathways for osteoblast differentiation, Bxpressions of matrix pro-  show difference of differentiation, bone-resorbing activity, or survival
teins representing osteogenesis, COL1A1L, ALP, osteocalcin, and  of the osteoclastic cells, suggesting thar PPARyis not important for
osteopontin, were also higher in the PPARYY culture thanin the WT  osteoclast functions.
culture, which was consistent with the in vivo histomorphometric
daca showing high bone mass with increased osteoblastogenesis. Discussion :

When we examined the proliferation, differentiation, and marrix  Osteoblastogenesis was upregulated not only in the PPARY/ hone
synthesis of cultured calvarial osteoblasts, which we confirmed tobe  in vivo, buc also in the culcures of PPARy /- ES cells and PPARy/-
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primary bone marrow cells. Considering thar che former culture
was performed in the absence of any osteogenic stimulation, under
which condition ne WT stem cells can differentiate inco
osteoblasts, the inttinsic PPARY signaling seems to function asa
potent suppressor of commitment and differentiation o the
osteoblastic lineage. Its molecular mechanism remains unclear,
however. A previous report showed that a stable cransfection of
PPARY and its activation with a thiazolidinedione-sappressed
Runx2, wype I collagen, and osteocalcin syntheses in the culcure of
a stromal cell line (38). Although the present study also showed
that steady-state mRNA levels of the key molecules for osteoblast
differenriation, Runx2, osterix, and LRPS, were upregulated in pri-
maty cultared martow cells with PPARY haploinsufficiency (Fig-
ure 5D), whether this is transcriptional regulation or secondary o
the increase in cells of vsteoblast lineage in the culture is unknown,
The predicted region of the PPARY-responsive element PPRE
(YGACCTnTGACET) has not been identified in che promoter of
these genes and was not found by our genowmic search, at least in
the region becween 4.0 kb upstream and 0.5 kb downstream of the
transcriptional stare point of runx2 (GenBank accession number
NT 0396535), osterix (NT 039621), and Irp5 (NT 039684) genes. It
should, however, also be nored thart several repatts have indicared
that PPARY regulates gene expression independently of PPRE, that
is, by interfering with the function of AP-1, signal transducer and
activator of transcription 1 (STAT1), and NF-«B (39), or by inhibir-
ing the function of GHP-1, a cranscription factor implicated in
pituicary-specific gene expression (40). The AP-1 family members
may possibly play a role in the mechanism, especially for mes-
enchynral cells. Activacion of PPARY is reported to suppress c-fos
expression {41). Another AP-1 family member, DeltaFosB, is
knowit to be a positive regulator of osteoblast differentiation, and
the transgenic mouse leads to postnaral high bone mass wich
increased osteoblastogenesis and decreased adipogenesis in bone
mattew (12). Another possible molecular mechanism is the inter-
action of PPARY with the TGF-B/Smad3 signaling, which inhibics
osteoblast differentiation {42, 43). Since Smad3 is reported 1o
interact physically with Runx2 (42) and PPARy (44), the interfer-
ence by PPARY with the Sinad3 inhibition of Runx2 might be
involved in the switching mechanism beiween adipocyte and
osteoblast differentiation. The interaction of PPARY with W sig-
naling might be another issue to pursue. The canonical Wit path-
way, likely mediated by Wari0b, is known to mainiain pre-
adipocytes in an undifferentiated state through stabilization of
cytosolic B-catenin (45, 46). Since activation of PPARywith crogli-
tazone is not sufficient to repress expression of Wntl0b, Wnt sig-
naling might lie upscream of PPARY. Recently, in addition to LRPS,
which is a coreceptor of Wnt, the canonical Wne-signaling
moleciles B-catenin and glycogen synchase kinase-38 have been
reported Lo stimulate osteoblast differentiation (47, 48), indicat-
ing a switching berween adipogenesis and osteogenesis by the Wnt
signaling, Further seudies on funcrional interaction of PPARYwich
the transcriptional and signaling molecules above will elucidare
the switching mechanism between the two differenciation pach-
ways from common progenitors.

PPARY may also inhibit osteogenesis indirectly cthrough ics stim-
ulation of adipogenesis from marrow progenitors that can give
rise ta either osteoblasts or adipocytes. In fact, many experimen-
* tal models have provided substaniial evidence for this reciprocal
relationship berween cell Iihca.ges {6, 10-15), and there is liccle
doube thar adipogenesis increases as BY decreases, suggesting that
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marrow adipogenesis has imporcanc implications in osteogenic
disorders (7-9). Bvidence of the transdifferentiation of scromal
cells aceually suggests a large degree of plasticicy between
osteoblasis and adipocytes {4, 49), although it is noc clear ar what
poinc the phenotype of these multipotential cells becomes com-
mitted to either osteoblast or adipocyte differentiation. Since dif-
ferentiated osteoblasts indicared by osteacalcin expression are
reported (o undergo adipogenic differentiacion (4), i is possible
that the reciprocal relationship between osteogenesis and adipo-
genesis may, at least in pari, be due to che transdifferentiation
between racher differenciated cells of the two lineages. To deter-
ming the role of PPARY in more differentiated osteoblastic cells
than bone marrow cells, we used calvarial cells whose spontaneous
differentiation is known to follow not only the osteogenic path-
way bul also the adipogenic pathway (49). Despite the existence
of PPARY expression in. these cells as well, its haploinsufficiency
did not affect che cell funcrions, suggesting that PPARY signaling
may be involved in che earlier, but not the lacer, stage of relation-
ship between the two cell lineages.

Hormones regulating bone and fa: metabolisms include insuiin
and lepein, both of which are known 1o be relaced to che PPARysig-
naling. Insulin is known to play important anabolic roles in bone
{30}, and deficiency of insulin signaling is associated with osteope-
nia both in mice and humans (27, 50-52). A series of reports
demonstrated thar leptin, a well-known anorexigenic hormone
secreted by adipocytes (§3), also shows antiosteogenic action cen-
trally chrough the hypothalamic and sympachertic nervous systems
(11, 13, 31). In the present study, neither insulin nor leptin seemed
to mediate the high bone mass in PPARY/ mice, since the serum
levels of these hormones were, quite unexpectedly, the opposite of
those causing osteogenic funcrions. PPARy activation is known to
cause insulin sensitivicy, thus PPARY/- mice werte assumed to devel
op insulin resistance; however, the serumn insulin level was niormal
or somewhat decreased as previously reported (22, 29), This
appears, at leasc in parr, due to hypersecrecion of feptin, which was
also unexpected, given that che marrow adipocytes, a positive reg-
ularor of leprin expression, were decreased in PPARY- mice. Qur
previous studies clearly demonserated chac cultured primary
adipocytes from PPARY'- mice expressed and secreced increased
levels of lepuin as compared with those from WT (22, 29), In this
tespect, since leprin is known to have a functional PPRE whose
activity is suppressed by PPARyactivation in adipocyies (54, 55), it
is likely thar the increased level of leptin is due to a partial release
from the suppressive effect of PPARY on leptin gene teanscription
by loss of one PPARyallele.

Age-related bone loss has been suggested to be ateributable to
mcreased adipogenesis at the expense of osteoblastogenesis (7-9).
Indeed, studies of SAMP6 mice, a murine model of age-refated
osteopenia, have established a uight association between osteope-
nia and enhanced adipogenesis (10, 15). The face thar che effects
of PPARY haploinsufficiency on both the increase in bone volume
and the decrease in adipocytes were stronger ar 52 weeks than at
8 weeks suggescs che involvement of the PPARY signaling in the
pathophysiology of human age-related osteoporosis. In face, onr
preliminary examination of cthe bone matrow specimen from
patients with femoral neck fraceure actually showed increases of
both the PPARY mRNA level and fat mass in older patients (dara
not shown) as compared with (hose in younger patients, although
the causality berween PPARY level and adipogenesis remains
unknown since adipocytes can be both the source and the targer
853

Numberé  March 2004



research article

of PPARY, An associarion study beeween bone density and a genecr
ic polymorphism of PPARYin postmenopausal women implies the
involvement of PPARYin bone loss, although the funcrional rele-
vance remains unclear (56). We should, however, keep in mind
that there are two discincr factors chat determine involutional
osteoporosis: a rapid bone loss after menopause as a result of
estrogen withdrawal and a gradual age-related bone loss thereafter
{57). From the present study showing that PPARY insulliciency
did not affect bone loss by OVX, PPARymay not be involved in the
former stage, butr may play a role in the lacter. 1o confirm the
mvolvernent of PPARY in human osteoporosis, the next task ahead
of us will be to perform a generic association study with stracified
analysis by age and menopausal state, and mote importantly, to
use a cohort population,

We conclude herein that PPARY haploinsu{Ticiency leads o the
inerease of bone mass by stimulating osteoblastogenesis from hone
marrow progenitors wichout affecting differentiaced osteoblasts or
osteoclast lineage cells, Based on the present and previous evidence
presented, we believe thar PPARY may be a novel carger for chera-
peittic intervention of osteopenic disorders, although the mecha-
nismm remains to be clarified. Appropriate functional antagonism of

PPARYmay provide a potentially novel approach to increasing bone
formation and therefore, as a stand-alone therapy or in combination
with an antiresorptive medication, may provide more efficacious
prevention ot treatment of 05te0potosis.
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Abstract

To develop new biomaterials for making medical devices, polymer alloys composed of a phospholipid polymer, poly(2-
methacryloyloxyethyl phosphorylcholine) (PMPC), and polyethylene (PE) were prepared. The PE/PMRPC alioy membrane could be
obtained by a combination of solution mixing and solvent evaporation methods using xylene and n-butanol mixture as a solvent.
Moreover, thermal treatment was applied to improve the mechanical properties of the PE/PMPC alloy membrane. In the PE/PMPC
alloy membrane, the PMPC domains were located not only inside the membrane but also at the surface. Surface analysis of the PR/
PMPC alloy membrans with X-ray photoelectron spectroscopy, wettability evaluation, and dynamic contact angle measurements
revealed that the phospholipid polar groups in the PMPC covered the surface even after thermal treatment. Blood compatibility
tests with attention to platelet adhesion and change in morphology of adhered platelets showed that the PE/PMPC alloy membrane
had excellent platelet adhesion resistance. We finally concluded that the PE/PMPC alloy could be used as biomaterials instead of

poly(vinyl chloride)-based materials.
© 2003 Elsevier Ltd, Al rights reserved.
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1. Introduction

To avoid infection from medical devices, many single-
use medical devices, such as catheters, connecting
tubings, and bags are now used. How to dispose of
these single-use medical devices after treatment is
currently a big environmental problem. Most of these
disposable medical devices are made from sofi-type
polymer materials composed of poly(vinyl chloride)
{PVC) and a plasticizer. This material contains 70 wt%
plasticizer, which may be a hormone-like chemical.
Moreover, chlorine in PVC has the possibility of
forming dioxin during burning. Thus, some substitu-
tions, so-called green materials, are needed. Polyethy-
lene (PE) is a conventional polymer and is very inert
chemically; no harmful chemicals are produced even
when it is burned. Because the mechanical properties
and processability of PE are good, it has been used as a

*Corresponding author.
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liner in artificial hip joints [1]. However, when it contacts
blood, thrombus is formed on the PE very easily. If the
biocompatibility of PE could be improved without loss
of its mechanical properties and processability, applica-
tion of modified-PE would be used much more for
biomaterials.

Recently, we prepared several polymer alloys com-
posed of conventional polymers and biocompatible
phospholipid polymers, 2-methacryloyloxyethyl phos-
phorylcholine (MPC} polymers [2-7]. That is, an MPC
polymer alloy with segmented polyurethane (SPU)
could be processed as a small diameter vascular
prosthesis, and it functioned in vivo [2,3]. Another
significant polymer alioy is composed of the MPC
polymer and polysulfone (PSf), and hollow fibers for
blood purification could be prepared from the polymer
alloy {4,5]. We tried to prepare a new polymer alloy
composed of PE and MPC polymer (PE/MPC polymer
alloy). PE is apolar and crystalline, so it is very
difficult to blend such a polar MPC polymer in the
PE. In this study, we investigated the preparation and
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characterization of a PE/MPC polymer ailoy membrane
and its platelet adhesion resistance,

2, Experimental
2.1, Materials

PE was obtained from Aldrich (3, = 1.0 x 10°) and
used without further purification. Homopolymer of
MPC (PMPC, Fig. 1) was prepared by a conventional
radical polymerization of MPC in ethanol and purified
by reprecipitation with a diethylether/chloroform mix-
ture [8]. The weight-averaged molecufar weight of the
PMPC obtained was 5.4 x 10%, which was determined by
gel-permeation chromatography with poly(ethylene gly-
col) standards in water, Other solvents and reagents
were extra-pure reagent-grade and were used without
further purification.

2.2. Preparation of PEIMPC polymer alloy membrane

The PE/PMPC alloy membrane was prepared by a
combination of solution mixing and solvent evaporation
methods. The procedure is shown in Fig. 2. PE was
dissolved in xylene at 110°C for 1h. The PE solution

s
—{CH3 - 01"73“

‘I==° ) ?- +

ocuzcuzoﬁocnzcuzmcﬂs)s

Fig. 1. Chemical structure of poly(2-methacryloyloxyethyl phosphor-
ylcholing} (PMPC). )

dissolved in
xylene at §10°C
for [h

Cooling at r.t.

PMPC/BuOH heated at 110°C

PE pellets were Mixed with  ‘The mixture was
1 T sotntion for Sh

Opague membranc
was oblained

was cooled at room temperature. The PMPC was
dissolved in n-butanol, and the solution was mixed with
the PE solution. After stirring, the mixed solution was
heated and maintained for 5h at {10°C. The polymer
solution was poured onto a glass plate, and the solvents
were evaporated under reduced pressure at 25°C/
160mmHg overnight. The residual solvents were then
removed completely by vacuum drying. A light opaque
polymer membrane was obtained. Heat treatment was
applied at a given temperature for 5min under pressure

- at 2 MPa.

2.3. Analysis of PEIPMPC alloy membrane

Elution of PMPC from the PE/PMPC alloy mem-
brane was evaluated when the membrane was immersed
in water at 30°C for 1 week. The amount of PMPC was
determined by phosphorus analysis. The sensitivity of
this analysis for phosphate ion is IO"lomoE/l levels {4].

Thermal properties were investigated by differential
scanning calorimetory (DSC 6100, Seiko Instruments
Co., Chiba, Japan). The measurement was scanned at
5°Cfmin over the temperature range of 20-200°C.
Surface analysis was carried out by X-ray photoelectron
spectroscopy (XPS, ESCA-200, Scienta, Uppsala, Swe-
den). The dynamic contact angle (DCA) hysteresis loop
of the polymer membrane was recorded with a
computer-controlled dynamic contact angle meter
(DCA-100, Orientech, Tokyo, Japan) based on the
Wilhelmy plate method. The DCA loop was expressed
by plotting the interfacial tension against the immersion
depth of the sample polymer membrane. The DCA
loops were obtained three times repeatedly for one
membrane of each sample, and the averaged values of
the advancing contact angle, 84, and receding contact

The transparent solution
was poured on the glass
plate af r..

evaporated at

All solvents were
25°C/160mmig

Fig. 2. Procedure for preparing PE/PMPC alloy membrane.



