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Figure 3 Optical findings of the surfaces of liners and correspanding femeral heads. a, Three-dimensional morphiometric and SEM anatyses of the finer surfaces {top
and middle, respectively) and SEM analyses of the femeral head surfaces {bottom) before (Pre) and after 3 x 10° cycles of leading. Scale bars, 500 ym and 20 um in middle
and bottorn, respectivefy, b, FE-TEM images of the thickness of MPC layer before {Pre) and after (Post) the Iacting. The bubbles on the surface were produced i the process

of preparing the specimen, Scale bars, 100 nm.

revealed that the amount from the CL-PE liner was about twice as
large as that from the MPC-CL-PE in theinitial cycles, and somewhat
increased in the later ¢ydles (Fig. 2¢). Contrarily, about 79% of the
total wear amount was produced from the MPC-CL-PE liner in the
initial 1 x 10% cycles, and decreased thereafter. In the last 5 x 10°
cycles, the wear amount of MPC-CL-PE was less than 1/20 that of
CIL-PE. Although the present 3 x 10 cycles of 280 kgf (kilogram
force) load is assumed equivalent to 310 years of physical walking,
this result suggests that the mechanical effect of the MPC grafting
will be maintained or somewhat more pronounced even after
loading beyond 3 x 10° cycles. In fact, our preliminary simulator
experiment with 1 x 107 cycles of loading revealed much stronger
wear resistance by this grafting {data not shown). Scanning electron
microscopy (SEM; JSM-5800LV, JEOL, Tokyo, Japan) analysis of the
wear particles isolated from the lubricants revealed no significant
difference of the particle size distribution between CL-PE and MPC-
CL-PE liners, the great majority of which was 0.1-1.0 pm (Fig, 2d).
Optical examination of theliner surfaceusing athree-dimensional
morphometric analysis after 3 x 10 cycles of loading revealed that
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there waslittle or no wear in the MPC-CL-PE liner, whereas substantial
wear was detected in the PE and CL-PE liners (Fig. 3a, top). The SEM
analysis of the liner surface revealed that the original machine marks
by the manufacturer’s processing still remained on the MPC-CL-PE
liner surface, which were completely obliterated in the two control
liners (Fig. 32, middle), Purthermore, the field emission transmission
electron microscopy (FE~TEM) analysis showed that most of the Hner
sturface was covered by the MPC polymer layer even after 3 x 10° cycles
of loading (Fig. 3b}. The XPS analysis also confirmed the remainder
of the spedific spectra of C,,, P.,,and N,, an the MPC-PE liner surface
just as in Fig. 1b after the loading (data not shown). Contrarily, the
SEM analysis of the femoral head showed no difference among
the three groups (Fig.3a, bottom). The femoral heads were free
of visible scratches and the surface roughness expressed by the R,
values was not different before or after the loading in all groups
(R, = 0.03-0.06 ymy), suggesting there was no abrasive contamination
with metal particles from the heads in the hip-joint sirmulator.

With respect to the reduction of wear by the MPC grafting, we
should consider the lubrication mechanism between the liners and
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Figure 4 In vivo hone resorption in mause calvariae. Resorption induced by a subperiosteal injection of an aliquot of PS particles with and without the MPC grafting
(MPC-PS and PS, respectively) or an egual volume of solvent alone (control}. a, Representative histological findings of the injected sites where osteodasts were stained

red with TRAP, Scale bars, 100 pm. b, Histemorphometric analyses of the infected sites: number of mature osteoclasts in 100 mm of hone perimeter (Oc.N/B.Pm; top) and
percentage of eroded surfaces (ES) / bone surfaces (BS) (bottom). Data are expressed as means {bars) + s.e.m. {error bars} for 8 calvasiae per group. * significant ditference

from control; P<0.01,

metal heads of the hip-joint simulator. Although phospholipids
themselves are known to work as effective boundary lubricants's¥,
recent studies of natural synovial joints have shown that fluid film
lubrication by the intermediate hydrated layer is the predominant
mechanism under physiological walking conditions®. Because the
present study revealed that the MPC grafting onto the PE plate
increased the hydrophilicity (Fig.1d) and our previous study
showed that the free-water fraction on the MPC polymer surface is
kept at a higher level®, the reduction of wear is likely to arise from
the hydrated hubricating layer that is formed by the MPC grafting.
As PE particles are known to be most abundant and catabolic
among wear particles in the periprosthetic tissues®®, alternative
bearing surfaces have been proposed such as ceramic-on-ceramic
and metal-on-metal articulations; however, these have their own
potential disadvantages™*. The long history and popularity of
PE as a bearing surface has led to research in the development
of tougher and more wear-resistant PE materials: the incorporation
of short chopped carbon fibres in PE matrix (Poly II)**, the
extension of chain crystallite morphology with thicker lamellae
and higher crystallinity (Hylamer)®, and the creation of a three-
dimensional molecular network by the crosslinking. Among them,
only the crosslinking successfully improved the wear resistance and
suppressed the periprosthetic osteolysis in the clinical setting®, It is
therefore noteworthy that the MPC grafting onto the crosslinked PE
surface further increased the wear resistance over the conventional
crosslinked PE,
ADVANCE ONLINE PUBLICATION { wavw.natire.com/natusematerials
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Considering that MPC is a biocompatible polymer, we next
examined biological responses to particles vising i vivo and in virro
models, The MPC polymer was grafted using a solvent-evaporation
technigque onto the surface of palystyrene (PS) particles whose size
was approximately 500 nm in diameter, based on the result above
{Fig. 2d) and previous findings**® that the mean particle size from
clinically failed prostheses is around 500 nim with >90% of particles
less than 1 pm. The XPS§ specira of C,, P, and N, on the surface
of the PS particles grafted with MPC were quite similar to that of
the MPC-PE liner surface as shown in Fig. ib (data not shown).
Although the surface electrical potential {{-potential) of the surface
of non-grafted PS particles determined using electrophoretic light
scattering was around -66.0 mV, the MPC grafting neutralized the
potential to —2.5 mV, as we reported previously”, These results
indicate that the MPC polymer was stably immobilized on the
surface of the particles.

We first compared the in vive bone resorption induced by PS
particles with and without the MPC grafting using an established
i vive murine calvarial model™®, When non-treated PS particles
were injected beneath the calvarial periosteum, notable stimulations
of tartrate-resistant acid phosphatase (TRAP)-positive osteoclast
formation and bone resorption with inflammatory reaction were
observed (Fig. 4a). However, subperiosteal injection of the MPC-
grafted particles did not induce bone resorption. This effect was
confirmed by histomorphometric analysis: the osteoclast number
and the eroded surface of the calvarial bone that were increased
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Figure § Banc-resorptive responses in cuftures exposed ta PS particles with and without the MPE grafting (MPG-PS and S, respectively). a, Phagocytosis of
flearescence-labelled particles by cultured mouse intraperitoneal macrophages. Phase: phase contrast microscopic image. Fluorestence: fluorescence microscapic image.
Scale bars, 108 ym. b, Concentrations of bone-resorptive factors TNF-a, IL-1, IL-6 and PGE, in the supernatants of the mouse macrophage-like cell fine 1774 cutture with
or without exposure to particles. ¢, RANKL expression by motise ptimary osteoblasts isclated from neonatal meuse calvariae and cultured in the three kinds of conditioned
media of the J774 call cuftures above. RANKL mRNA levels were determined by semiquantitative RT-PCR {top} and real-tima RT-PCR (bottom). GAPDH is glyceraldehyda 3-
phosphate dehydregenase. d, Osteoclastagenesis in the coculture of motse bone marmow cells and esteoblasts by the three kinds of cenditioned media of 4774 ¢ells above,
and infibition by antagonists to cytokines, PGs and RANKL. Osteeclastogenesis was determined by the number of TRAP-positive multinucleated cells. Data are expressed as
means (bars) + s.e.m. {error bars) for 8-12 cuflures per group. * significant difference from contral; P<0.01. :

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 P§ particles with and without the MPC grafting by cultured
mouse intraperiteneal macrophages. Although large amounts
of non-treated particles were phagocytosed by macrophages,
the MPC-grafted particles were not taken into the eells, 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

3

exposed to the particles. Concentrations of TNF-a, IL-1, IL-6 and
PGE, in the culture medium of mouse mactophage-like cell line
1774 cells were 4-20 times more stimulated by the exposure to
non-treated P$ particles than those without the exposure; however,
the exposure to the MPC-grafted particles affected none of them
{Fig. 5b), When the conditioned media of J774 cells were added to
2 mouse osteoblast culture, 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. 5¢). 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
coclture of mouse bone marrow cells and osteoblasts was increased
about sevenfold by the conditioned medium of 1774 cells exposed
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to non-treated PS particles as compared with the control, and this
stimulationwas significantlyinhibited by eddition of anti-TNF-a, anti-
IL-1 or ant-IL-6 antibody, a cyclooxygenase-2 (COX-2) inhibitor
celecoxib, and 2 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 cyiokine
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 grafting will
surpass the pharmacologic therapies that possibly cause serious side
effects during a long period of administration after surgery.

For these biological studies, we initially tried to use the PE wear
particles isolated from the hip-simulator experiment above; however,
it turned out to be impossible because the PE particles could not be
isalated fromt the lubricants without damaging the MPC polymer layer.
The hubricants after loading contain abundant and adhesive proteins
that were degraded and predpitated 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
chernical structure such as the esteraticbond 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 biological 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 irnpossible, because the grafting
procedure requires that the particles be agitated in the liquid®, Hence, for
the biclogical experiments we vsed PS particles that have conventionally
been: used for the in vivo and in vitro analyses of particle-induced
osteolysis asa substitute for PES*. PSisa hydrocarbon 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 cytckines and PGE,, induction of
RANKL, and osteoclastogenesis.

Although this study focused on the hip prosthesis, whoseloosening
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 articular 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
significant improvement in total joint replacements by preventing
periprosthetic osteolysis and aseptic loosening, The development of
this technique would imiprove 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.

EATTRHGDS
For mechanical analyzes, a 12-seztion hip-jeint wesr simlator apparatis {MTS, MTS Systems,
hMinnezpalis, Minnesoiz) with three kinds of PE Miners in 42 mm acetabular cups: non-crasslinked FE
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liner (K-MAX, Japan Medical Materials, Osaka), crosskinked PE liner (K-MAX Excellink}), and MPC.
grafted K-MAX Excellink, coupled 1o 22 mm cobalt—<hromivm-molybdenum, alloy heads {(R-MAX
HH-02, Excellink), was mounted on rotating blocks to preduce biastial or orbital motion™, The simuls-
tor experiment was performed according to the internationat standard of “buplants for surgery - wear
of total hip-jeint prosthesis™ established by 18O (#14242.1; 2002}, which was proved to be closest 1o the
physiological conditions. Brichty, 4 Paul-typs Joading profile, which is a phrysialogical walking simulation
with continuous cycc motion and loading, wes applied (matimum foree = 280 kgf, frequency = | Ba)¥
in the lubricunt of distifled wakr conlaining 25% bovine call seram. Friction torgque botween the liney
and the (ernorg] head was messured using a torgque messuring mstrument. The siraulutor whas Tan up b
A % 1 eycles, and the change of lubricant apd gravimetric measurement of the liners were performed
every 5 x 10° cyeles. For the jsolstion of wear partictes, the lubricant afier the loading was incubated
with 5N NaOH selutien in order to digest adhesive proteins that were degraded and previpitated; the
particles were then collected and underwent sequential filtrations, a5 reported previousty*?, The size of
particles was defined as the maodmum dimensioas by SEM analysis.

For binlogical analyses, all animal experiments were pecformed according to the guidelines of
the International Association for the Study of Pain™, and were approved by the commitvee of Tokyo
University charged with: confirming ethice. The in vive mouse calvoria experiment was perfornzed
as reported previousty’, Briety, after exposing the calvaria of mice, a subperiosteal injection of PS
particles (average diameter = 468 nm; Polysciences, Warrington, Pennsylvania) with or without the
MPC grufting, ar an equal volume of salvent {deionized water) alone was performed.

Mice were sacriliced soven duys wlter the surgery, and (he catvaris was cxaised, fixed, und decaleified
in FOTA. Ostenclastogenesis in the caronal histological sections was derermined by TRAD staining,
The sections were subjected to histomarphometric anatyses inider a ight microscope with a micrometer,
and parameters for bone resorption were measured as reported previousty®, For the phagocytosis
experiment, mouse intraperitoneal macrophages were isolated, exposed to finorescence-kbelled particles,
cultured for 1 h, and observed with a flaorescence microscope. Mouse macrophage- bike cell line 774 cells
(Riken Cell Bank, Saitama, Japan) were exposed to particles and cultured for 24 b The supzmatenty were
subject to cytokine and PGE, measurcments using the ELISA method, and were used as the conditioned
media for the following assays. For the RANKL expression assay, mouse osteoblasts isolated from
neonatal calvarias wers cultured in the conditioned media for 74 b RANKL expression i osteoblasts
was measured using the semi-quantilative and real-time revarse transeription polymerase chein regetion
{RT-PCR) analyses. The insarination on the primers iz available upon request. For asteoclast formation
ussiy, muuse primary usteoblusts ubuve and bune marrow cells isolated froen adult mouse long bones
were cuculiured it e conditiorad mudia in the presence or absence of gnti-TNF-a, anu-TLI, anti-TL-
4 anfibody, control non-immune serum, celeomub or ostcoproteperin. Cells were sained with TRAL,
and those positively stained and conmaining more than three nuclei were counted as vsicoclasts. For the
statistical analysis, means of groups were compared by ANOVA and the significance of differences was
determined by post-hec 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 2 biocompatible phospholipid
polymer in an aqueous medium. We explored the regulation of enzyme—substrate (ES) complexation using
horseradish peroxidase (HRP) 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 capillary compared with that in a nontreated capitlary. The retention time was significantly
longer in comparison with the case of a mixed solution of HRP and AAP. This result clearly shows that
HRP forms an ES complex with the immobilized PMEN—~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 altemative substrate 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 HPPA. The activity of HRP was maintained at the initial level in the presence of the
PMEN—AAP conjugaic at 25 °C for 1 week. Additionally, even under H;0; conditions, HRP stored with
the PMBN—AAP conjugate maintaited 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 that the reversible attachment and detachment

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

Introduction

Cell adhesion to an extracellular matrix (ECM) is ticces-
sary for subsequent cell functions 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 enginzering, In general, cell growth was observed
on these conventional materials; however, there is a pos-
sibifity of causing an inflammatory reaction.? Additionally,
when different kinds of cells are cocultured on these
materials, one is surrounded by the other or one of them
cannot survive 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 correspendence should be addressed. Tel.: +81-3-5841-
7124, Fax: +¥1-3-5841-8647. E-mail: ishihara@bmw.tu-lokyu.ac jp.

10,1021/bm0344250 CCG: $27.50

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

The final goal of this smdy 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 contrary, ligands
conjugated to the polymer backbone could form a complex
with celtular receptors and prevent adhesion of cells tem-
porarily, but the addition of free ligand molecules could
dissociate the complex and allow the cells to adherz 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 cellular
receptors and specific ligands. Both are reactions in which
a protein reacts with specific moleculés; that is, the ES
complex corresponds to a receptor—ligand complex.
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conjugate.

For this puwrpose, the polymer is required to be bicinert.
Polymers composed of 2-methacryloyloxyethyl phosphoryl-
choline (MPC) and n-butyl methacrylate (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 bioinert nature, the polymer is alse
required to be able to conjugate with specific molecules. With
this in mind, a novel phospholipid polymer (PMBN, Figure
2a) composed of MPC, BMA, and p-nitrophenyloxycarbonyl
poly(oxyethylene)methacrylate (MEONP) was designed.!®
One of the monomer units, the MEONP unit, has an active
ester group in the side chain, so it can conjugate with specific
biomolecules via a urethane bond.!!2

It has already been reported that an enzyme conjugated
with a phosplholipid polymer shows the high stability,’3 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 investizated the effect
of a substrate conjugated with the PMBN on the formation
and dissociation of an ES complex using horseradish
peroxidase {(HRPY} as the enzyine, 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,
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HRP has a high stability and is widely used in the enzyme-
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.!” One 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.

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

Experimental Section

Materials. Poly(oxyethylene) monomethacrylate (MEQOH)
obtained from NOF Co., Lid, (Tokyo, Japan) was used
without further purification. The average mimber of repeating
units in the poly(oxyethylene) chain of MEQOH was 4.5 as
determined by 'H NMR (JEOL INM-GX 270, Tokyo, Japan)
spectroscopy. BMA (Wako Pure Chemicals Co., Ltd., Osaka,
Japan) was purified 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 after
recrystallization from acetonitrile.!” p-Nitrophenylchlorofor-
mate was purchased from Sigma-Aldrich, Co. (St. Louis,
MO), 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 MEOOH and triethylamine
(TEA}) were added to p-nitrophenylchloroformate dissoived
in chloroform at —30 °C. The precipitate in the mixture,
which was triethylamine hydrochloride, was filtered off, and
the solvent was evaporated undet a reduced pressure. After
addition of dry diethyl ether to the residue, filtration and
evaporation were rapeated twice and MEONP was then
obtained. The chemical structure of MEONP was confirmed
by Fourier transform infrared spectoscopy (FT/IR-615, Tasco,
Tokyo, Japan) and 'H NMR (JEOL AL300, Tokyo, Japan).
Poly(MPC-co-BMA-co-MEONP) (PMBNa: “4” 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 molecutar
weight of PMBN was evaluated by gel-permeation chroma-
tography (column: OHpak SB-803 HQ, Shodex, Tokyo,
Japan) with poly(ethylene oxide) (PEQ) standards.

Conjugation with the Substrate, Water-soluble PMBN40
was dissolved in 2 mL of aqueous AAP solution containing
100 mg of AAP, The finat concentration of PMBN40 was
56 mg/mL. The solutions were kept under three different
conditions: at 37 °C for 48 I, at 37 °C for 24 h, and st
room temperature for 24 h, In the case of water-insoluble
PMBN30, ethanol was used as a solvent. Afier conjugation,
0.1 M NaOH solution was added to the sohwtions to hydrolyze
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Table 1. Synthetic Results for PMBN?

Takei et al.

monomer unit composition fmol %)

in feed in polymer?
code MPC BMA MEONP MPC BMA MEQNP My solubility in watsrd
PMBN30 30 65 5 27 61 12 3.8 x 10¢ -
PMBEN4D 40 &0 10 38 47 15 3.6 x 104 +

“{Manomer] = 1.0 M, [AIBN] = 10 mM In ethanal, temperature = 60 °C. ¢ Determined by analysis of phosphorus and p-nitrophenol, © Determined by
GPRC In water/CH.OH = 3:7, PEO standards. 4 Solubiity was detarmined with 10 mg/ml of sach polymer sample and described as soluble (+) and

Insoluble (—).

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 obtzined by
Iyophilization. The amount of AAP contained in the PMBN~
AAP conjugate was determined by fitting to the calibration
curve of AAP for abscrbance at 265 nm. The Michaelis
constant (K,) was evaluated by the reaction of three
PMBN4Q—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, Otsuka Elec-
tronics, Osaka, Japan). An ethanol solution of 0.5 wt %
PMBN30—AAP conjugate was allowed to flow through the
capillary whose internal diameter was 75 um and length was
50 ¢m, and then the ethanol was vaperized 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 solution (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 30 min and detected with a 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, Jasco, Tokyo, Japan). The ES complex was formed
by nuixing 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 uM HPPA solution, The ES complex
formed between HRP and AAP was dissociated by the
addition of HPPA. On addition of the 0.3 mg/mL H.0,
solution (25 L), 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
mtensity, the enzymatic activity of HRP stored with the
PMBN40—AAP conjugate was also measured, and the effect
of the ES complex on the enzymatic activities was invest-
gated.

Results and Discussion

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

Table 2. Results of Conjugation with AAP under Various
Conditlons

AAP
time tamperature concentration® conversion®
sample (h) (*C) {rmi) {%)
PMEN40—-AAP(L) 24 22 3.6 x 1072 57
PMBN40O—-AAP(M) 24 a7 6.59 x 10°2 11.2
PMBN40-AAPH)Y 48 37 13.6 x 1072 23.0

* AAP concentration when the polymer concentration was 1 mg/mL.
£100% means that all active ester groups react with AAP.

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

AAT Conjugation. The amount of AAP in ! mg/mL
PMBN40—AAP solution varied from 3.4 % 107 2t0 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), PMBN40—AAPM), and PMBN40—AAP(L), re-
spectively]. 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
concentrations of AAP in the three conjugates were sufficient
for the enzymatic reaction, which was estimated using free
AAP and HRP. The K, value of the PMBN—AAP conjugate
was 1.1 x 1077 M, and this value was about one-tenth that
of AAP (2.0 =< 10~* 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 HRP, 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 coated 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. Tn the case of the
mixed solution, both charts were almost the same. These
results indicate that the elution of HRP is delayed by the
interaction with the PMBN30—AAP conjugate immobilized
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inside of the capillary, but the addition of the AAP inhibits
this interaction by forming the ES complex before electro-
phoresis. It i 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 form the ES
complex with the HRP because the abifity 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 iatensity at 404 nm with the addition of
various 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 prior to starting the
reaction was delayed, and a time lag appeared that was
dependent on the concentration of AAP. The high concentra-
tion of AAP prevented the reaction of HPPA with HRP, so
1IRP 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 soclution 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 aclivity of HRP incubatad with the
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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 PMEN.

The change in the enzymatic activity of HRP is shown in
Figure 5. Under the PBS condition, the activity of HRP was
maintained for | 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 sustaitied 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 bioinert 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 fluorescence studics, 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 temperary blocking of the active site of
the enzyme was realized by conjugating the substrate with
PMBN. This is 2 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
reversible blocking of the cellular receptor, a regulation of
the timing to start celf adhesion on material surfaces can be
reelized. This techrique 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 veciprocal 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
PPAR¥deficient ES cells failed to differentiate into adipocytes, but spontaneously differentiated into
osteoblasts, and these were restored by reintroduction of the PPARygene. Heterozygous PPAR ¥deficient
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 nocaffect
the cultures of differentiated osteoblasts or osteoclast-lineage cells. This study demonstrates a PPARY-
dependent regulation of bone metabolism in vive, in that PPARYinsufficiency increases bone mass by stim-

ulating osteoblastogenesis from bone marrow progenitors.

Introduction

Osteoblasts and adipocytes share a commeon progenitor: multipo-
tential mesenchymal stem cells in bone marrow (1-3). Accumularc-
ed evidence of the differentiation switching of these two cell lin-
eages suggests thay a large degree ol plasticity exists between them
and that the relationship is reciprocal (4-6). The clinical fact chac
a decrease in bone volume (BV) of age-related osteoporosis is
accompanied by an increase in marrow adipose tissue (7-9) also
implies the possible reciprocal relationship chat is posculared to
exist between the two differentiacion pathways. The signal crans-
duction pathways implicated in this process are therefore evaluar-
ed as putential warges for therapeulic intervention of osteoporo-
sis, The molecular mechanism underlying the reciprocal
relationship is not yet well undersiood, however, alithough several
studies using strain-specific and KO murine models have begun to
explore the relacionship in vivo (10-15).

Several key transcription factors that function in the complex
transcriprional cascade during adipocyre differentiarion have been
identified, including PPARY and CCAAT enhancer-binding proteins
(C/EBPs) (16). PPARYis a ligand-activated transcriprion factor that
belongs to the nuclear hormone receptor superfamily and functions
as a hererodimer with a retinoid X recepror by binding to the PPAR
responsive element (PPRE) within the promoters of the carget genes

Nonstandard abbreviations used: alkaline phosphatase (ALP); bone morphogenetic
prarein-Z {(BMP-2); bane volume (BV}; CCAAT enhancer-hinding proreins (C/EBPs);
compiced tomography [CT); LOL receptor-relatad protein 3 (LRPS); leukemiz inhibito-
ty factor (LIF): M-CSF-dependent bone marrow macrophiage (M-BMM&); receptor
acrivaror of nuclear faceor kB ligand (RANKL): ovatiectomy (OVX), PPAR responsive
element (PPRE); tartrate-resistant acid phosphatase {TRAP); tissue volume (TV): oype [
collagen ot chain /COLIAT}
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(17-19). PPARY is expressed early in the adipocyie differenciation
program and is activated by long-chain fatty acids, peroxisome pro-
liferarors, and the thiazolidinedione class of antidiabetic agents
(17-19). Most importancly, PPARY plays requisice and sufficient
roles in the regulacion ol adipocyte differendation, because its over-
expression in fibroblasc cell lines initiates adipogenesis (20) and ES
cells and embryonic fibroblastic cells from mice lacking PPARywere
unable to differentiace into adipocytes (21-23).

When one rakes the resules of the studies cogether, it is possible that
PPARY may concribuce not only to adipogenesis, but also to osteoge-
nesis in the bone marrow where bipotential precursors can differen-
tiate to either adipucytes or osteoblasis. This swady investigated the
physiological role of PDARY on the marrow cells and bone cells using
in vivo morphological analyses and ex vivo cell culware systems, For
the in vivo analysis, we used mice lacking the PPARygene, which we
genetared by gene targeting (22). Although the homozygous PPARy
deficient (PPARY /") mice were embryonically lethal ac 10.5-11.5 days
after post coitum dute 1o placenral dysfuncrion, heterozygous PPARy
deficient (FPARY /") mice developed normatly. The heterozygotes led
to a 50% reduction in PPARY expression and exhibired resistance to
high-fat diet-induced vbesity and insulin resistance; however, un a
standard diet they grew normally, without abnormalities in major
organs sich as brain, heavt, livet, spleen, or kidney (22, 24). We show
here that the homozygous PPARpdeficient ES cells spontancously
differentizce into osteoblasts ex vivo and that PPARY haploinsuffi-
ciency due to the heterozygous PPARydeficiency resulted in enhanced
bone formation wich inereased osteoblastogenesis from bone mar-
row progenitors both in vive and ex vivo.

Methods

Animals. The generation of PPARY gene-targeted mice was
described previously (22), In each experiment, W1 and PPARY /-
March 2004
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mice litrermaces fed a standard diet were compared. All experimencs
were performed on male mice at 8 or 52 weeks of age, except for the
ovariectomy (OVX) experiment in which female mice underwenc
surgical operation at 26 weeks and were analyzed ac 30 weeks. All
experiments were performed 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 isolared
from blastocysis generated by mating PPARY- mice with each
other, as previously described (25), ES cells were maintained in
DMEM medium supplemented with 15% FBS, 200 mM L-glu-
tamine, 100 UM B-mercaptoechanol, and 10¢ U/ml of leukemia
inhibitory facror (LIF; Chemicon International, Temecula, Cali-
fornia, USA). Differentiation of ES cells was induced by using a
modified pratocol, described previously (2, 26). In brief, after
being trypsinized with 0.025% rypsin-EDTA, cells were plated
onto a bacterial Petri dish in the ahsence of LIF and ecultured with
100 nM all-trans retinoic acid for 5 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
differenciation, cultures were maincained in the same condition
withour 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 uliraviolel light for 10 minutes,
then incubated for § minutes in the presence of §% sodium thio-
sulface solution (von Kossa staining). To discern the calcified nod-
ules from the embryoid body, both of which are seen as black, the
von Kossa-positive nodules that do not connece to the embryoid
body in a well were counted. For the analysis of adipogenesis, the
medium was supplemented with 1 M troglitazone (Sankyo Phat-
maceutical Co., Tokyo, Japan) for 10 days, fixed in 10 mM sodium
periodate, 2% paraformaldehyde, 75 mM L-lysin dihydrochloride,
and 37.5 mM sodium phosphate, and then siained in a filtered
solution of 0.3% oil red O in 60% isopropanol for 15 minutes. The
red-stained, lipid vacuole-concaining cells in a well were counted.
To rescue osteoblasc and adipocyrte differenciation of PPARy/- ES
cells, che recombinant retrovirus veccor carrying the PPARygene
and empty 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 morpholagy and blood chemistry. A bone radiograph was
taken with a sofl x-ray apparaus (SOFTEX; CMB-2, Tokyw, Japan).
A chree-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 compured comagraphy (CT) image. All histolog-
ical analyses were carried out using WT and PPARY " littermaces
as previously described (27). Pararneters for the trabecular bone
and the number of bone marrow adipocyles was measured in an
area 1.2 mm in length from 0.5 mm below the growth plate at the
proximal metaphysis of the tibiae. The number of adipocytes in
this area was determined by counting that of oval vacuoles in the
roluidine blue scaining, The thickness of the growth plate was mea-
sured at the proximal tibiae. Serum insulin was measured by
insulin immunoassay (Morinaga Instituce of Biolegical Science,
Yokohama, Japan), and leptin was assayed with the ELISA-based
Quantikine M mouse leptin immunoassay kic (R&D Systems Inc.,
Minneapolis, Minnesoia, USA).

Primary bone marrow cell cultures. Bone marrow cells were col-
lected from long bones of §-week-old PPARY/- and W1 male lit-
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termates. Cells were plated at a density of 106 cells on a six-rmulti-
well plate in 0-MEM conraining 10% FBS, with 1 yM troglitazone
for che adipogenesis assay and wich 50 pg/ml ascorbic acid and 10
mM B-glycerophosphate for osteogenesis assay. The oil red O
staining was performed as mentioned above at 14 days of culture.
For the alkaline phospharase (ALP), cultured plates were rinsed
with PRS, fixed in 100% ethanol ac 10 days of culture, and stained
with Tris-HCl-bullered solution (pH $.0) containing naphthol
AS-MX phosphate as a substrate and Fasc Blue BB salt (Sigma-
Aldricly, St. Louis, Missouri, USA) as a coupler. For the Alizarin
red § staining, cultured plates were rinsed with PBS ae 21 days of
culture, fixed in 10% buffered formalin, and scained wich 2%
Alizarin red S (pH 4.0) (Sigma-Aldrich). The von Kossa staining
was performed as mentioned above at 28 days of culture. For the
growch curve asszy, bone marrow cells derived from either W1 or
PPARy /- littermaces were inoculated at a density of 107 cells per
dish in 10-cm culture dishes in @-MEM containing 10% FBS, 50
pg/ml ascorbic acid, and 10 mM P-glycerophosphate, and chen
was culcured for 3 days. The adherent cells were chen harvested
and inoculared at a density of 3 % 107 cells/dish in 10-cm culture
dishes and further cultured in the 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 ki( (Wako Pure Chemicals Industry Lid,, Osaka, Japan),
according to the manufacturer’s instructions, from ES cells cul-
tured for 10 days afier the embryoid bodies wete transferred to gela-
tinized plates and from bone marrow cells cultured for 14 days after
the seeding, One microgram of RNA was reverse-rranscribed using
a Takara RNA PCR Kit (AMV) ver. 2.1 {Takara Shuzo Co., Shiga,
Japan) to make single-stranded ¢DNA. PCR was performed on an
ABI Prism 7000 Sequence Detection System (Applied Biosystems
Inc, Foster City, California, USA). The PCR reacrions consisted of
QuantiTect SYBR Green PCR Master Mix (QIAGEN, Tokyo, Japan),
0.3 UM specific primers, and 500 ng of ¢cDNA. Relative levels of
mRNA of s speciflic gene wete caleulated using che standard curve
generated with cDNA dilutions, with normalization to actin as an
incernal control. PCR primers of specific genes used for amnplifica-
tion are available upon request,

Primary osteoblastic cell enltures. Osteoblastic cells were isolated from
calvariae of neonatal W' and PPARY/- littermates as previvusly
described (27). For the cell proliferation assay, cells were inoculaced
at a density of 10* cells/well in a 24-mubiiwell plate, culiured in the
same medium for 48 hours, and deprived of serum for 12 hours
before adding the experimental medium wich and withour troglita-
zone {1 pM) or FGF-2 (1 nM; Kaken Pharmaceutical Co., Chiba,
Japan). Incorporation of [*H]-thymidine (1 pCi/ml in the medium)
added for the final 3 hours was measured after 24 hours of culture.
For ALP activity measurement, cells were inoculated at a density of
16 cells/well in a 24-multiwell plate and culiured in &-MEM con-
taining 10% FRS and 56 tg/ml ascorbic acid with and without trogli-
tazone (1 WM) or bone morphogenetic protein-2 (BMP-2; 30 ng/mi;
Yamanouchi Pharmaceurical Co., Tokyo, Japan). At 14 days of cul-
ture, cells were sonicared in 10 mM Tris-HCl buffer (pH 8.0) con-
taining 1 mM MgCl; and 0.5% Triton X-100. ALP activity in the
lysate was measured using a Wako ALP kit (Wako Pure Chemicals
Industty Ld.), and che protein content was deterimined using a BCA
protein assay reagent (Pierce Chemical Co., Rockford, Hllinois, USA).
For Alizatin red § and von Kossa stainings, cells were inoculated at
adensity of 5 x 104 cells/well in a six-multiwell plate in 0-MEM con-
taining 10% FBS, 50 pg/ml ascorbic acid, and 10 mM f-glyc-
Number 6 847
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erophosphare, and were stained ar day 21 and 28, respectively, as
mentioned above. Difference in maturity between the bone marrow
celts and the calvarial osteoblasts was examined by the calcified nod-
ule formation decermined by Alizarin red S staining and the osteo-
calein expression determined by real-time PCR analysis.

Assays for osteoclastic cells. Tartrate-resistant acid phospharase-
positive (TRAP-pasitive} mulrinucleated osteoclasts were generated
by coculturing vsteoblastic cells (104 cells/well) and bone marrow
cells (5 x 10° cells/well) derived from eicher WT or PPARY/- litter-
mates, as mentioned above, in a 24-mulciwell plare in 0-MEM con-
taining 10% FBS for 6 days with and withour 1,25(011),D; (10 nM),
prostaglandin E; (100 nM), and IL-11 {10 ng/ml). Ceils posicively
stained for TRAP containing mote than three nuclei were counted
as osteoclasts. To determine bone resorprion activity, osteoclasts
formed by the coculiure on 0.24% collagen gel coated on 100-mm
dishes were digested with 0.2% collagenase solution, and a 1:50
aliquot including osteaclasts was seeded on a dentine slice. After 48
hours of culture in @-MEM containing 10% FBS, the total area of
pits scained with 0.5% roluidine blue was evaluated using an image
analyzer, To study the role of PPARY intrinsic to osteoclastic cells, we

A PPARYy™"

used the M-CSF-dependent bone marrow macrophage (M-BMMo)
culture system as described previously (28). Briefly, bone marrow
cells from WT or PPARY/- mice were seeded at a density of 3 x 10°
cells/well in a 24-mulciwell plate and culoured in 0-MEM contain-
ing 10% FBS wich M-CSF (100 ng/ml). After culturing for 3 days,
adherent cells {M-BMM#¢) were further cultured with M-CSF (100
ng/ml) and soluble teceptor activator of nuclear factor xB ligand
{RANKL) (100 ng/mi) for 3 days. TRAP-positive osteoclasts were
counted. To derermine the survival, osteoclasts generated as above
were deprived of M-CSF/scluble RANKL and culeured for an addi-
tional 48 hours. At 3,6, 12, 24, and 48 hours, the TRAP-positive and
trypan blue-negative osteoclasts were counted.

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

Results

Ostengenesis is enhanced in the homozygons PPARYdeficient ES cell culture,
To examine the involvemenc of che PPARYsipnaling in fat and bone
metabolism, we first compared the adipogenesis and osteogenesis in
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Figure 1

Adipogenesis and osteogenesis in the mouse ES celf cultures of homozygous PRAR»deficient (PPARy) and WT genoctypes. As a rescue experk-
mant, PPARywas reintroduced into PPAR - ES cells using a refrovirus vector carrying the PPARygene (Rx-PPARY or the same refrovirus vector
without the FPAR ygene (Rx-vectar) as a control. {&) The uppar row shows the adipogenesis determined by the oll red O staining of the ES cell cul-
ture in DMEM/10% FBS with troglitazene. Tha number of cil red O-positive cells stained in red was counted and shown in the left graph as the cells
per square centimetar. The images in the lower row indicate the osteogenesis determined by the von Kossa staining of the ES call culture In
DMEM/10% FBS without any osteogshic supplements. Tha number of von Kossa—positiva calcified nodules stained 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 osteoblasts — COL1A1,
osteocalein and Runx2 — determined by real-time quantitative RT-PCR 10 days aftzr the embryoid bodies were transferred to a gelatinized six-mul-
tiwell plate in CMEM/10% FES without any osteogenic supplements. The crdinate 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 < 6.01.
*Significant restoration by Rx-PFAR yas compared with the control PPAR ™ and FFAR y*+ plus Rx-vector cuitures; P < 0.01. Cont, control.
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Radiological anatysis and blood chemistry of heterozygous PPAR y-deficient (PPARp*) and WT {ittermates at 8 weeks (A and B) and 52 weeks
{C and D) of age. (A and G) Plain x-ray images of femora and tibiae (left) and three-dimensional GT images of distal femora {right) of reprasen-
tative PPARy* and WT littermates. (B and D) Trabecular BV expressed as percentage of iotal tissue volume (BV/TV [%4]) at the distal femora was
measured on the CT image. The number of adipocytes in the bone marrow, measured histologically, is shown here for collation with the BV/TY
data. Insulin and leptin levels in serum taken just befora the sacrifice were quantified using immunoassay kits. Dala are expressed as means
(bars) + SEMs (etror bars) for eight mice per group for PPARy and WT mice. Significant difference fram WT; *P < 0.01, *F < 0.05.

the cultures of ES cells between PPARY/- and WT (W1 or EPARP)
genotypes isolated from blastocysts generated by mating PPARY -
mice (Figure 1A). In the presence ol troglitazone, 2 thiazolidinedivone
thar is a porent ligand of PPARY, a substanzial amount of oil red
O-positive adipocytes was formed from WT ES cells, whereas adi-
pogenesis was not seen in the PPARY/ ES cell culeure (Figure 14,
upper row of photographs). To conficm che direct association
between PPARY and adipogenesis, PPARY was reintroduced inco
PPARY/- ES cells using a retrovirus vector catrying the PPARygene
(Rx-PPARY). Adipogenesis was testored Lo the level similar to that of
WT culture, aithough introductdon of the same retrovirus vector
withoue the PPARYgene (Rx-vector) did not affect it. We then exam-
ined the osteogenesis in the PPARy* and WT ES cell culrures. Sur-
prisingly, in DMEM/10% FBS without osteogeric supplements such
as dexamethasone, B-glycerophosphate, ascorbic acid, or BMP, the
formarion of von Kossa-positive bone nodules was potencly induced
in the PPARY/- ES cell culture, while this was not seen ac all in the
WT culture (Figure 1A, lower row of photographs). Quantitative
analysis of the mRNA levels by the real-time RT-PCR method
revealed char the marker genes for osteoblasts — type I collagen 61

chain {COL1AY), osteocalcin, and Runx2 — were upregulated in the
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PPARY/- ES cell culiure as compared with the WT culuare (Figure
1B). Reintroduction of PPARYinto the PPARy/- culture by Rx-PPARY
significanily decreased the nodule formation and osteogenic mark-
er gene expressions, while the control Rx-vector alcered neither (Fig-
ure 1, A and B). When one takes these results cogecher, che observed
mirror image tegilations berween adipogenesis and osteogenesis by
loss and gain of the PPARY function suggest a switching mechanism
between the two differentiation pathways from commen progeni-
tots through the PPARY signaling.

PPARybaploinsufficiency leads to high bone mass in vivo. To learn the
effect of the PPARYinsufficiency in vivo, we analyzed the bones of
PPARY I mice because the homozygous deficient fetuses died too
early for their skeletal analyses to be performed. PPARY/- mice
showed normal weighr gain withouc visible general lipodyscrophy
on a standard diet during the observation period of up to 52
weeks of age, The lengths of the crunk and long bones were also
similar to those of WT littermates, indicating that PPARY s not
involved in the regulacion of skeletal growth. X-ray and three-
dimensional C1" analyses of [emora and tibiae, however, revealed
that PPARY - mice showed ahout 40% higher trabecular bone
mass than WT littermares ac 8 weeks of age (Figure 2, A and B).
Number & 649

Valume 113 March 2004



Ob.8/BS (%)

PPARY* WT  PPARy-

3r 151 4001
= = * —~
g 2 4 = E so0f
h=]
E2r 5w £E
E "’E %%200-
= =
< 1f =5 £
= o 8 & 100}

m
o

Figure 3

Histological analysis of the proximal tibiae
of PPAR y- and WT littermatss. (A} Histo-
logical features at proximal tibias of
PPARy+ and WT littermates. Villanueva-
Goldner staining, calcsin double labsling,
and TRAP staining were dons 2t 8 weeks;
toluidine blus stalning was done at 52
weaks of age. in Villanueva-Goldner stain-
ing, mineralized bone Is etained green and
unmineralized bone osteoid red; scale bar:
100 pum. In calesin double [abeling, the mir-
sralization front is stained as a green line;
scale bar: 10 pm. In TRAP staining, TRAP-
positive osteoclasts are stained red; scale
bar: 100 pm. In toluidine blue staining,
adipocytes are observed as oval vacuoles;
scale bar: 50 pm. (B) Histomorphometric
parameters at 8 weeks of age. Ob.S/BS,
petcentage of bone surface covered by
cuboidal osteoblasts; OS/BS, percentage of
bone surface covered by osteoid; MAR,
mineral apposition rate; BFR, bone forma-
tion rate expressed by MAR fimes percent-
age of bone surface exhibiting double lsbels
plus one-half single labels; Oc.N/B.Pm,
rnumber of matura ostecclasts in 100 mm of
bone perimetar; ES/BS, parcentage of erod-
ed surface. Data are expressed as means

WT PPARYy* (bars) £ SEMs (etror bars) for eight mice
61 per group for PPARy~ and WT mice. *Sig-
nificant difference from WT, P < 0.01.
&8
g 2f
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Contrarily, the number of adipocytes in the bone matrow deter-
mined as described below tended to be lower in the PPARY/- long
bones compared with W7 (Figure 2B). Similar changes of bone
and fat were also seen in vertebral bodies (data not shown). To
examire the involvement of sysiemic factors that are known o be
relared 1o bone and fat metabolism, the serum levels of insulin
and leprin were compared becween the two mouse genorypes.
PPARY/- mice showed lower, alchough not significantly lower,
serurn insulin level and higher lepein level chan WT lictermates as
reported previously (22, 29). Since insulin is known o be
osteogenic (30}, whereas leptin is antiosteogenic (11, 13, 31), nei-
ther of the chanyes in these hormones could explain the increased
bone mass in PPARY ~ mice.

Because age-related osteoporosis is known to be accompanied by
reciprocal increase of bone marrow adipocytes (7-9), we furcher
compared the bones of PPARY/~ and WT lictermares at 52 weeks of
age (Figure 2, C and D). The BV of fermora and tibiae was decreased
in both mouse genocypes at this age as compared with that at 8
weeks; however, the difference of BV between PPARY /- and WT
becarne more prominenc at 52 weeks than ar 8 weeks (95% versus
40%, respectively). The rmumber of bene marrow adipocytes, which
are shown as oval vacuoles by the toluidine blue staining (Figure 34,
right), was signilicancly decreased in PPARY/- mice ac this age. This
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tendency was similarly observed in vertebral bodies (data not
shown). Both insulin and leptin levels at this old age showed pat-
terns similar (o those au 8 weeks, although significant differences
berween the genotypes were not seen.

PPARyhaploinsufficiency leads to osteoblustogenesis in vivo. We furcher
performed histological analyses of the proximal tibiae of 8-week-
old PPARy/ mice. Villanueva-Goldner staining indicated increas-
es of trabecular bones stained in green and osteoid surface stained
in red in PPARY/- mice as compared with WT littermates; howev-
er, bone formarion by individual ostechlasts determined by the cal-
cein double labeling and the number of TRAP-positive osteoclasts
was similar for the two groups (Figure 3A). Bone histomorphomnie-
cric analyses (Figure 38) confirmed the increase of BV by PPARy
haploinsufficiency to be abour 40%. Among bone formation
parameters, osceablast surface and osteoid surface, both represen-
tative of the number of osceoblasts, were more than double in
PPARy/ than in WT liccermaces, while the mineral apposition rate
that reflects the bone formation ability of individual osteoblasts
did not differ between them. Consequently, bone formation race
that is determined by the number and the funcrion of osteoblasts
became about wwice that by PPARY haploinsulficiency. Bone
resorprion parameters, ostenclast number, and eroded surface did
noc differ berween PPARY /- and W1 mice. Taking chese histologi-
Numbar 4
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Radiological and histomorphametric analyses of OVX and shem-operated (Sham) female litermatas of PPARy* and WT genotypes. Female mice
underwent surgical opsration at 26 weeks and were analyzed at 30 weeks of age. (A) Plain %fay images of femara and tibiae (fefl} and three-dimen-
slonal CT images of distal femora (right) of representative mice. (B) Histomarphometric parameters. Data are expressed as means (bars) £ SEMs
{efror bars) for eight mica per group for PPAR #+ and WT mice. *Significant difference from WT, P < 0.01. *Significant difference from sham, P < 0.05.

cal observarions together, PPARY mice exhibited high bone mass
with increased osteoblastogenesis bur normal osteoblast and
osteaclast functions. The thickness of the groweh plate ac the prox-
imal tibiae was not different betwween PPARY - and WT littermates
{80.4 £ 9.6 and 82.7 + 10.3 um, mean + SEM of eight mice each,
respectively), confirming thar PPARY signaling is not important for
bune growth through chondrocyte functions.

PPARybaploinsufficiency does not affect bone loss by OVX. To investi-
gate the involvement of the PPARY signialing in the mechanism of
bone loss by estrogen deficiency, OVX or sham operation was
underraken on 26-week-old female PPARY- and WT liccermates,
and BV was compared 4 weeks after the operarion, X-ray and three-
dimensional CT analyses of fernora and tibiae suggested that bach
PPARy and WT mice showed similar bone loss by OVX (Figure
4A)}. Histomorphomoetric analyses (Figure 4B) showed chat BV was
about 30% decreased by OVX in both PPARY/- and W rnice, These
decreases were accompanied by increases in bonre formation and
bone resorption paramerers, indicating a stare of high bone
turnover, in both genotypes. [lence, PPARYhaploinsufficiency did
not affece the change of bone merabolism induced by OV, sug-
gesting that the PPARY signaling does not contribute to osteope-
nia caused by estrogen deficiency.

PPARY haploinsufficiency leads to vsteoblastogenesis from cultared bone
marraw cells. To investigare the cellular mechanism underlying che
abnormality in che bone of PPARY /- mice, ex vivo culcures of bone
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marrow cells derived from long bones were performed. We first com-
pared the cell proliferation determined by the growch curve for 4 days
and found no difference becween PPARY/- and WT marrow celis (Fig-
ure 5A), Adipogenesis from marrow cells in the presence of troglita-
zone was confirmed w be inhibited by PPARY haploinsufficiency,
however, since the number of oil red O-positive adipocytes was
decreased in the PPARY/ culture wo about hall that of the W7 cul-
ture (Figure 5B). We further examined osteoblastogenesis in the bone
marrow cell culrure by comparing the numbers of colonies positive-
ly stained with ALP, Alizarin red §, and von Kossa (Figare 5C). All
colonies were markedly increased in the PPARY/ culture as compared
with the WT culeure, indicating the increase of osteoblastogenesis
from bone marrow progenitots by PPARY haploinsufficiency.

To further 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 becween PPARY/- and WT bone marrow
cells (Figure 5D). As expecred, PPARY expression was reduced in che
PPARY "~ marrow cells cornpared with the WT. The levels of expres-
sion of other key factors for adipocyte differenciacion, C/EBP-f and
C/EBP-8, in the PPARy/- marrow cells were comparable to those of
WT, indicating that PPARY was not essential for induction of these
C/EBPs; conttarily, C/EBP-o was significantly reduced. Based on
previous observations (16, 17,22, 32, 33) and these results, it appears
that C/EBP-ff and C/EBP-8 lie upstream of PPARY, while C/EBP-ot is
March 2004 851
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Figure 5

Adipogenesis and osteogenesis In the cultures of bane marrow cells from PPARy+- and WT littermates, (A) Growth curves of bone marrow cells iso-
lated from PPARY- and WT mice. The adherent bone marrow cells were inoculated at a density of 3 x 105 cells/dish In 10-cm culiure dishes. The
cells per dish were counted at 1, 2, 3, and 4 days of culture. Data ars expressed as means (symbols) + SEMs {error bars) for eight dishes per group.
{B) Adipogenesis detarminad by oil red O stalning in the culture of bone marrow cells in a-MEM/10% FBS with froglitazons. The graph indicates the
number of positive cells per squars centimeter. (C) Osteogenesis determined by ALP (upper row), Alizarin red (middle row), and von Kossa (lower
row} stainings in the culture of bone marrow cells in o-MEM/10% FBS with ascorbic acid and f-glycerophosphate. The graphs below indicate the
number of ALP-pesitive {upper) and Alizarin red-—positive {lower) colonies per well. Data are expressed as means (bars) + SEMs (error bars) for eight
wells per group {B and C). *Significant differenca from the WT culture, P < 0.01, (D) Expression of key molecules for adipogenesis (PPARy, C/EBP-B,
C/EEP-8, and C/EBP-u) and osteogenesis (Runx2, osterlx, and LRPS), and marker proteins far osteogenssis (COL1A1, ALP, osteocalcin, and osteo-
pontin) determined by guantitative RT-PCR In the bone marrow cells at 14 days of culture under the conditions above. The ordinate axis indicates
the relative amount of mRNA as compared with that of WT.

regulared, ar least in pare, downstream of PPARY. Regarding more mature than bone marrow cells, none of them showed a differ-
vsteogenie faclors, expressivns of the putadive central determinants  ence between PPARY /- and WT mice (Jata not shown), This indicates
of major pathways for osteoblast differentiation, RunxZ (34), oster-  that PPARyhaploinsufficiency affects only marow progenitors, but
ix {33), and LDL receptor-related protein 5 (LRPS) (36), were  not cells that are more commicted to osceoblastic lineage, Furcher-
increased in the PPARY /- culture as compared with WT, indicating  more, studies using the coculture system of marrow cells/calvarial
that che PPARY signaling directly or indirectly impacts chese major  osteoblasts and che M-BMM¢ culcure syscem (28, 37) also failed o
pathways for osteoblasc differenciation. Expressions of marrix pro-  show difference of differentiation, bone-resorbing activity, or survival
teins represenuing osteogenesis, COL1AL, ALP, osteocalein, and  of the osteoclastic cells, suggesting that PPARY s not importanc for
ostecpontin, were also higher it the PPARY/ culture than in the WT  osteoclast funcrions.
culcure, which was consistent with the in vivo histomorphometric
data showing high bone mass with increased osteoblasiogenesis. Discussion

When we examined the proliferarion, differentiation, and matrix  Osteoblastogenesis was upregulated not onlyin the PPARy /- bone
syathesis of cultured calvarial osteoblasts, which we confirmed cobe  in vivo, but also in the cultures of PPARY- ES cells and PPARy#-
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primary bone marrow cells. Considering chat che former culture
was performed in the absence of any osteogenic stimulation, under
which condition no WT stem cells can differentiace into
osteoblascs, the inttinsic PPARY signaling seems to function as a
potent suppressor of cormmitment and differentiation to the
osteoblastic lineage. Its molecular mechanism remains unclear,
however. A previous report showed thar a stable transfecrion of
PPARY and its activation with a thiazolidinedione-suppressed
Runx2, type I collagen, and osteocalcin syncheses in the culcure of
a stcromal cell line (38). Alchough che present study also showed
that steady-scare mRNA levels of the key molecules for osteoblast
differentiation, Runx2, osterix, and LRPS, were upre gulated in pri-
mary culrured marrow cells with PPARY haploinsufficiency (Fig-
ure 5D), whether this is transcriptional regulation or secondary to
the increase in cells of vsteoblast fineage in the culiure is unknown.
The predicted reginn of the PPARy-responsive element PPRE
(YGACCTnTGACCT) has not been identified in the promorer of
these genes and was not found by our genomic search, at least in
the region becween 4.0 kb upstream and 0.5 kb downstream of the
transcriptional scart poine of rgnx2 (GenBank accession number
NT 039655), osteriz (NT 039621), and Irp5 (NT 039684) genes. It
should, however, also be noted that several reports have indicated
that PPARYregulares gene expression independently of PPRE, that
is, by interfering with the function ol AP-1, signal transducer and
activacor of franscription 1 (STAT), and NF-«B (39), or by inhibit-
ing the function of GHP-1, a transcription factor implicated in
pituitary-specific gene expression (40). The AP-1 famnily members
may possibly play a role in the mechanism, especially for mes-
enchymal cells. Activacion of PPARYis reparted to suppress c-fos
expression (41). Another AP-1 family member, DeltaFosB, is
known to be a positive regulator of osteoblast differentiation, and
the transgenic mouse Jeads to postnatal high bone mass with
increased vsteoblastogenesis and decreased adipogenesis in bone
marrow {12). Another possible molecular mechanism is the inter-
action of PPARY with the TGF-B/8Smad3 signaling, which inhibits
osteoblast differentiation (42, 43). Since Smad3 is reported to
interace physically with Runx2 (42) and PPARY (44), the incetfet-
ence by PPARY with the Smad3 inhibition of Runx2 might be
involved in the switching mechanism between adipocyte and
vsteoblast differentiation. The interaction of PPARYwith Wn sig-
naling might be another issue to pursue. The canonical Wnr parh-
way, likely mediated by WntlOb, is known wo maintain pre-
adipocytes in an undifferentiated state through stabilization of
cytosolic B-catenin (45, 46). Since activation of PPARy with trogli-
tazone is not sufficient to repress expression of WnelOb, Wt sig-
naling mighe le upstream of PPARY. Recently, in addition to LRPS,
which is a corecepror of Wnt, the canonical Wne-signaling
molecules $-catenin and glycogen synthase kinase-3p have been
reported Lo suimulate osteoblast differentiation (47, 48), indicac-
ing a switching berween adipogenesis and osteogenesis by the Wt
signaling. Further studies on functional interaction of PPARywich
the transeriprional and signaling molecules above will elucidate
the switching mechanism between the two differentiation path-
ways from eommon progenitors, :
PPARYmay also inhibit asteogenesis indirectly through its stim-
ulation of adipogenesis from marrow progenitors that can give
rise to either osteobiasts or adipocytes. In fact, many experimen-
tal models have provided substantial evidence for this reciprocal
relationship berween cell lineages (6, 10-15), and chere is lirele
doubt thar adipogenesis iucreases as BV decteases, suggesting that
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marrow adipogenesis has imporranc implications in osteogenic
disorders (7-9). Evidence of the transdifferenciation of stromal
cells actually suggeses a large degree of plasticicy berween
osteoblasts and adipocytes (4, 49), alchough it is not clear at what
point the phenotype of these multipotential cells becomes com-
mitred to eicher osteoblast or adipocyte diffetentiation. Since dif-
ferentiated osteoblasts indicated by osteocalcin expression are
reported Lo undergo adipogenic differentiation (4), it is possible
that the reciprocal relarionship between osteogenesis and adipo-
genesis may, at least in part, be due to the transdifferentiation
between racher differenciared cells of che two lineages. To decer-
mine the role of PPARY in more differentiaced osteoblastic cells
than bone marrow cells, we used calvarial cells whose spontaneous
differentiation is known to follow not enly the osteogenic path-
way but also the adipogenic pathway (49), Despite the existence
of PPARY expression in these cells as well, its haploinsufficiency
did not affect the cell functions, suggesting that PPARYsignaling
may be involved in the earlier, buc not the later, stage of relation-
ship becween the two cell lineages.

[Tormones regulating bone and fat metabolisms include insulin
and leptin, both of which are known to be related to the PPARy sig.
naling, Insulin is known to play impottant anabolic roles in hone
(30}, and deficiency of insulin signaling is associated with osscope-
nia both in mice and humans (27, 50-52). A series of reports
demanscrated thar lepcin, 2 well-known anorexigenic hormone
secreted by adipocytes (53), also shows antiosteogenic action cen-
trally chrough the hypothalamic and sympathetic nervous systems
(11,13, 31). In the present study, neither insulin nor leprin seemed
to mediate the high bone mass in PPARY/ mice, since the serum
levels of these hormones were, quite unexpeceedly, the opposite of
those causing osteogenic functions. PPARYactivation is known to
cause insulin sensiviviry, thus PPARY/- mice were assumed to devel-
op insulin resistance; however, the serum insulin level was norial
or somewhat decreased as previously reported (22, 29), This
appeats, ar least in parr, due to hypersecretion of leptin, which was
also unexpected, given that che marrow adipocytes, a positive reg-
ularor of leptin expression, were decreased in PPARY /- mice. Qur
previous studies clearly demonstraced thar culcured primary
adipocytes from PPARY/- mice expressed and secreted increased
levels of leptin as compared with those from W1 (22, 29). In this
respect, since leptin is known to have a functional PPRE whase
activity is suppressed by PPARY activation in adipocytes {54, 55}, it
is likely that the increased level of leprin is due to a partial release
from the suppressive effecc of PPARY on leptin gene transeriprion
by loss of one PPARyallele.

Age-related bone loss has been supgested to be ateribucable to
increased adipogenesis at the expense of osteoblastogenesis (7-9).
Indeed, studies of SAMP6 mice, a murine model of age-related
usteopenia, have established a dght association between osteope-
nia and enhanced adipogenesis (10, 15). The facr chat the effecis
of PPARY hapioinsufficiency on boch che iucrease in bone volume
and the decrease in adipocytes were stronger atr 52 weeks than ac
8 weeks suggests che involvemenc of the PPARY signaling in the
pathophysiology of human age-relared osteoporosis. In fact, onr
preliminary examination of the bone marrow specimen from
patients with femoral neck fracture actually showed increases of
both the PPARY mRNA level and fat mass in older patients (data
not shown) as cornpared with thuse in younger patients, although
the causality berweenn PPARY level and adipogenesis remains
unknown since adipocytes can be hoth the source and the targer
Number 6 B53
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of PPARY. An association study berween bone density and a genet-
ic polymorphism of PPARYiIn postmenopausal wommen implies the
involvement of PPARy in bone loss, although the functional rele-
vance remains unclear (56). We should, however, keep in mind
that there are two distinct factors chac decermine involutional
osteopotosis: a rapid bone loss after menopause as a result of
estrogen withdrawal and a gradual age-relaced bone loss thereafier
(57). From the present study showing (hat PPARy insufliciency
did noc affect bone loss by OVX, PPARy may not be involved in che
former stage, but may play 2 role in the latter, To confirm the
involvernent of PPARY in human osteaporosis, the next task ahead
of us will be to perform a genetic association study wich scratified
analysis by age and menopausal state, and more importantly, to
use a cohort population.

We conclude herein that PPARY haploinsufTiciency leads w the
increase of bone mass by stimulaving osteohlastogenesis from bone
marrow progenitors without affecting differentiated osteoblasts or
osteoclast lineage cells. Based on the present and previous evidence
presented, we believe that PPARY may be a novel targer for thera-
peucic intervention of osteopenic disorders, alchough che mecha-
nism remains to be clarified. Appropriate functional antagonism of
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