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Figure 9. A) In vitro transfection efficiency and B) cytotoxicity of the PEG-b-P-
[Asp(DET)] polyplex micelles and LPEI polyplexes with varying N/P ratios
toward mouse primary osteoblasts after a 48 h incubation.

Thus, we have successfully obtained highly transfection-effi-
cient and less toxic polyplex micelles in this study. Particularly,
the less toxic nature of the block catiomers compared with
conventional catiomers of high transfection efficiency, as ob-
served in Figure 8, should be of great significance for in vivo
nonviral gene therapy. Indeed, bone regeneration in critical-
size cranial defects based on in vivo transduction of osteogenic
factors was recently carried out by our research group by
using the PEG-b-P[Asp(DET)] polyplex micelle with plasmids ex-
pressing the optimized combination of osteogenic factors to
facilitate cellular differentiation in situ."® Furthermore, polyplex
micelles with the PEG palisade seem to be suitable for system-
ic gene delivery” " and the engineering the constituent block
catiomers to construct polyplex micelles with integrated smart
functions such as environment sensitivity®'” and tissue target-
ability™ will maximize the efficacy of nonviral gene therapy.
Thus, the PEG-b-P[Asp(DET)] polyplex micelle is expected to be
a biocompatible vector system applicable toward various as-
pects of gene medicine.

Conclusion

We have established a simple and novel synthetic route for the
generation of biocompatible block catiomers through the
quantitative aminolysis of PEG-b-PBLA. The construction of a li-
brary of block catiomers, the PEG-b-polyaspartamides carrying
a series of amine compounds in the side chain, revealed the
importance of the ethylenediamine unit for enhanced and less
toxic gene transfection by the polyplex micelles made from
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pDNA and the block catiomers. The availability of the polyplex
micelles developed in this study for the transfection of primary
osteoblasts will facilitate the use of this type of block catiomer
for the construction of synthetic vectors suitable for nonviral
gene therapy.

Experimental Section

Materials: (3-Benzyl-L-aspartate N-carboxyanhydride (BLA-NCA) and
o-methoxy-w-amino poly(ethylene glycol) (MeO-PEG-NH,) (M,=
12000) were obtained from Nippon Oil and Fats (Tokyo, Japan).
Ethylenediamine (EDA), diethylenetriamine (DET) and 4-methyldi-
ethylenetriamine (MDET) were purchased from Tokyo Kasei Kogyo
(Tokyo, Japan) and distilled over CaH, under decreased pressure.
N,N-Diethyldiethylenetriamine (DEDET) was purchased from Lan-
caster Synthesis, (Lancashire, England) and distilled over CaH,
under decreased pressure. N,N-Dimethylformamide (DMF), di-
chloromethane, and acetic anhydride were purchased from Wako
Pure Chemical Industries, (Osaka, Japan) and purified by general
methods before use.

Synthesis of PEG-b-polyaspartamide catiomers: The PEG-block-
poly(B-benzyl L-aspartate) (PEG-b-PBLA) copolymer was prepared
as previously reported." Briefly, BLA-NCA was polymerized in DMF
at 40°C by the initiation from the terminal primary amino group of
MeO-PEG-NH,, followed by acetylation of the N-terminus of PBLA
to obtain PEG-b-PBLA. PEG-b-PBLA was confirmed to have a unim-
odal molecular weight distribution (M,/M,: 1.17) by gel-permeation
chromatography (GPC) measurement (columns: TSK-gel G4000HHR
+ G3000HHR, eluent: DMF + 10 mm LiCl, T=40°C, detector: RI)
(data not shown). The degree of polymerization (DP) of PBLA was
calculated to be 68 based on 'HNMR spectroscopy (data not
shown).

Lyophilized PEG-b-PBLA (300 mg, 11.6 pmol) was dissolved in DMF
(10 mL), followed by reaction with DET (50 equiv to benzyl group
of PBLA segment, 4.0 g, 39.4 mmol) under mild anhydrous condi-
tions at 40°C to obtain PEG-b-P[Asp(DET)]. After 24 h, the reaction
mixture was slowly added dropwise into a solution of acetic acid
(10% v/v, 40 mL) and dialyzed against a solution of 0.01~ HCl and
distilled water (M, cutoff: 3500 Da). The final solution was lyophi-
lized to obtain the polymer as the chloride salt form, and the yield
was approximately 90%. Similarly, other block catiomers, PEG-b-P-
[Asp(EDA)], PEG-b-P[Asp(MDET)], and PEG-b-P[Asp(DEDET)] were
synthesized by the aminolysis reaction of PEG-b-PBLA with EDA,
MDET, and DEDET, respectively. The structures of these block cati-
omers were confirmed by "H and C NMR measurements and size-
exclusion chromatography (SEC).

Potentiometric titration of block catiomers: PEG-b-P[Asp(DET)]
(30 mg) was dissolved in 50 mL 0.01 N HCl and titrated with 0.01 N
NaOH. An automatic titrator (TS-2000, Hiranuma, Kyoto, Japan) was
used for titration. In this experiment, the titrant was added in
quantities of 0.063 mL after the pH values were stabilized (minimal
interval: 30s). The a/pH curves were determined from the ob-
tained titration curves.

Dye exclusion assay: Polyplex solutions with a pDNA concentra-
tion of 33 pgmL™", prepared by mixing pDNA and block catiomers
at different N/P ratios (N=total amines in block catiomer; P=total
phosphate anions in pDNA), were diluted to 10 ug pDNAmL™
with ethidium bromide (EtBr, 2.5 mgmL™") in 10mm Tris-HCl
(pH 7.4) or 10 mm sodium acetate (pH 5.0) buffer. The sample solu-
tions were incubated at ambient temperature overnight. The fluo-
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rescence intensity of the samples at 1 =590 nm (excitation at 1=
510 nm) was measured at 25°C with a spectrofluorometer (FP-
6500, Jasco, Tokyo, Japan). The relative fluorescence intensity was
calculated as: F, = (F,mpe—Fo)/ (Figo—Fo), for which Fip e Fioo and Fy
represent the fluorescence intensity of the samples, free pDNA,
and background, respectively.

Dynamic light scattering (DLS) and ¢ potential measurements:
In the DLS measurements, polyplex solutions with various N/P
ratios in 10 mm Tris—-HCl buffer (pH 7.4) were adjusted to have
PDNA concentrations of 33.3 ugmL™". DLS measurements were
then performed at 25+0.2°C with a DLS-7000 instrument (Otsuka
Electronics, Osaka, Japan) with a vertically polarized incident beam
of 1=488 nm from an Ar ion laser. The ¢ potential of the polyplex
micelles was measured at 25+0.2°C with an ELS-6000 instrument
(Otsuka Electronics, Osaka, Japan) equipped with a He-Ne ion laser
(=633 nm). The scattering angle was fixed at 20°. From the ob-
tained electrophoretic mobility, the { potential was calculated by
using the Smoluchowski equation: {=4mnv/e in which 7 is the
electrophoretic mobility, v is the viscosity of the solvent, and ¢ is
the dielectric constant of the solvent. The results are expressed as
the average of five experiments.

In vitro transfection of HuH-7 cells: Human hepatoma HuH-7 cells
were seeded on 6-well culture plates and incubated overnight in
1.5mL Dulbecco’s modified Eagle medium (DMEM) containing
10% fetal bovine serum (FBS) before transfection. The cells were
then incubated with the polyplex micelles from PEG-b-P[Asp(EDA)],
PEG-b-P[Asp(DET)], PEG-b-P[Asp(MDET)], and PEG-b-P[Asp(DEDET)]
(3 pg pDNA/well) with various N/P ratios in DMEM containing 10%
FBS for 24 h, followed by an additional incubation for 24 h in the
absence of polyplexes. Luciferase gene expression was evaluated
using the Luciferase Assay System (Promega, Madison, USA) and a
Lumat LB9507 luminometer (Berthold Technologies, Bad Wildbad,
Germany). The results were expressed as light units per milligram
of cell protein determined by a BCA assay kit (Pierce, Rockford,
USA).

Mouse primary osteoblast culture and transfection: Osteoblasts
were isolated from calvariae of neonatal littermates. The experi-
mental procedures were handled in accordance with the guide-
lines of the Animal Committee of the University of Tokyo. Calvariae
were digested for 10 min at 37°C in an enzyme solution containing
0.1% collagenase and 0.2% dispase for five cycles. Cells isolated by
the final four digestions were combined as an osteoblast popula-
tion and cultured in DMEM containing 10% FBS. For luciferase
transfection assays, primary osteoblasts were inoculated at a densi-
ty of 2x10* cells/well in a 24-multiwell plate, cultured for 24 h,
and, after changing to fresh culture medium containing 10% FBS,
pDNA polyplex solution (33.3 pgmL~", 22.5ul) was applied to
each well. Luciferase gene expression was measured 48 h later by
using the Luciferase Assay System (Promega) and a Lumat LB9507
luminometer (Berthold). For the cytotoxicity assay, primary osteo-
blasts were plated into a 96-multiwell plate (6x10° cells/well).
After 24 h incubation, 6 L of each pDNA polyplex solution was
added, followed by further incubation for 24 h. The viability of the
cells was evaluated by an MTT assay (Cell Counting Kit-8, Dojindo,
MTT=  3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium  bro-
mide). Each well was measured by reading the absorbance at 1=
450 nm according to the protocol provided by the manufacturer.
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Aseptic loosening induced by wear particles from the poly-
ethylene liner is likely the most commeon cause of long-term
total hip arthroplasty failure. We developed a novel hip poly-
ethylene liner with the surface graft of a biocompatible phos-
pholipid polymer, 2-methacryloyloxyethyl phosphorylcho-
line (MPC), and previously reported the grafting decreased
the short-term production of wear particles and the subse-
quent bone resorptive responses. For clinical application, we
investigated the stability of the 2-methacryloyloxyethyl phos-
phorylcholine grafting during sterilization and the wear re-
sistance of the sterilized liner during longer loading compa-
rable to clinical usage. Radiographic spectroscopy confirmed
the stability of the 2-methacryloyloxyethyl phosphorylcho-
line polymer on the liner surface after the gamma irradia-
tion. We used a hip wear simulator up to 1 x 107 cycles to test
sterilized cross-linked polyethylene liners with and without
2-methacryloyloxyethyl phosphorylcholine grafting. The
2-methacryloyloxyethyl phosphorylcholine grafting mark-
edly decreased the friction, the production of wear particles,
and the wear of the liner surface. These data suggest a
marked improvement in the wear resistance of the polyeth-
ylene liner by the 2-methacryloyloxyethyl phosphorylcheline
grafting for clinically relevant periods after sterilization, in-
dicating 2-methacryloyloxyethyl phosphorylcholine grafting
is a promising technology for extending longevity of artificial
hips.
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The incidence of osteoarthritis (OA) is on the rise because
of the worldwide growth of elderly populations. Total hip
arthroplasty (THA) is one of the most successful and ef-
fective treatments for patients with end-stage arthritic dis-
eases of the hip.**” The number of primary THAs per-
formed annually is estimated to be more than 1.3 million
worldwide, with 50 to 140 operations per 100,000 inhab-
itants in North America, Europe, and Australia. This rate is
expected to continue to increase over at least the next three
decades.”*>* Despite improvements in implant design
and surgical technique, aseptic loosening of artificial joints
caused by periprosthetic osteolysis is the most common
problem limiting implant survivorship and clinical suc-
cess.”! However, there is no treatment for painful loosen-
ing other than the revision surgery, and the number of
salvage operations with outcomes poorer than the primary
procedures is increasing.>®

The pathogenesis of the periprosthetic osteolysis is a
consequence of the host inflammatory response to wear
particles from prosthetic devices.>' The most abundant
and bone resorptive particle within the periprosthetic tis-
sue is polyethylene (PE) generated from the interface be-
tween PE and metal components.>® Polyethylene particles
induce phagocytosis by macrophages and subsequently se-
cretion of bone resorptive cytokines.9 Therefore, there are
two approaches to prevent aseptic loosening: reduce the
amount of PE wear particles or suppress the subsequent
bone resorptive responses. Studies have been performed to
increase the wear resistance of PE or to develop alternative
bearing surfaces other than PE, but none has fully solved
the problem.

The surface of healthy human articular cartilage is cov-
ered with a nanometer-scaled phospholipid layer that im-
proves the lubricity and biocompatibility of the articulat-
ing surface.'®** Therefore, grafting a polymer including
the biocompatible phospholipid-like layer on an artificial
liner surface may replicate interface conditions similar to
a healthy joint. The 2-methacryloyloxyethyl phosphoryl-
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choline (MPC) polymer, the natural biocompatible poly-
mer, has a side chain composed of phosphorylcholine re-
sembling phospholipids of biomembrane (Fig 1).2° The
MPC grafting onto the surface of other medical devices
suppresses biological reactions when they are in contact
with living organisms,'*** and is now clinically used on
the surfaces of intravascular stents. intravascular guide
wires, soft contact lenses, and the artificial lung authorized
by the United States Food and Drug Administration.>*7

To reduce wear particles and eliminate periprosthetic
osteolysis, we prepared a novel PE hip liner with MPC
grafted onto its surface. Our previous study suggests
grafted MPC decreases the production of wear particles
and secretion of cytokines and osteoclastogenesis during a
brief period of 3 x 10° cycles in a hip wear simulator.*
However, the effect of the sterilization procedure on the
stability of the MPC grafting and the wear resistance of the
sterilized liner during longer loading comparable to clini-
cal usage remains to be elucidated before clinical application.

We evaluated MPC stability after sterilization and the
wear resistance of the sterilized MPC-grafted PE liner dur-
ing longer loading comparable to clinical usage.

MATERIALS AND METHODS

We used a hip simulator to investigate the MPC stability after
sterilization and the wear resistance of the sterilized MPC-
grafted PE liner during 1 x 107 cycles of loading. comparable to
10 to 30 years of walking. The stability of the MPC polymer on
MPC-CLPE plate after the gamma irradiation was verified using
the xray photoelectron spectroscopy (XPS) analysis, the Fourier
transform infrared spectroscopic (FTIR) analysis, and the contact
angle of a water drop. Mechanical effects of the MPC grafting on
the hip prosthesis were examined using a hip wear simulator>

E |Phosphorylcholine

To
MPC o I
polymer CHy-C-C-0- (CH,);,0PO0(CH,),N"(CH,),
CH, o
S

Covalent bond

—{ CH,- CH-CH,- CH,- CHz-—

Fig 1. The MPC polymer is grafted onto the cross-linked poly-
ethylene liner surface. A TEM image (left) shows the cross-
linked PE liner surface grafted with MPC polymer stained black
with ruthenium oxide show (scale bar, 20 nm). The chemical
structure (right) of MPC and cross-linked PE is shown. 2-meth-
acryloyloxyethyl phosphorylcholine is a biocompatible polymer
with side chain composed of phosphorylcholine and resembles
phospholipid of biomembrane. MPC is bound to the cross-
linked PE liner by the covalent bond with a photoinduced graft
polymerization technique.

under the conditions recommended by the International Organi-
zation for Standardization.

We synthesized and purified MPC as previously reported (Fig
1).*” We used cross-linked PE liner (K-MAX Excellink®. Japan
Medical Materials. Osaka, Japan) and cobalt-chromium-
molybdenum alloy femoral heads (K-MAX® HH-02. Japan
Medical Materials). Grafting of the MPC polymer onto the sur-
faces of the cross-linked PE liner was performed using a photo-
induced polymerization technique.'®* Briefly. cross-linked PE
liners were placed in the MPC solution (0.5 mol/L) and photo-
induced polymerization on the liner surface was performed using
an ultra-high pressure mercury lamp (UVL-400HA. Riko-
Kagaku Sangyo Co Ltd, Chiba, Japan).

To evaluate the influence of sterilization procedure. MPC-
grafted cross-linked PE plates (MPC-CLPE plates) were steril-
ized with gamma irradiation (2.5 Mrad) in nitrogen as conven-
tionally used. Elemental analysis at the surface was performed
with a highly sensitive XPS (PHI5400MC. Perkin Elmer. Inc.
Wellesley. MA). a FTIR (Perkin-Elmer FT-IR 1650, Perkin
Elmer, Inc), and a transmission electron microscope (JEM-1010
Japan Electron Optics Laboratory Co, Ltd. Tokyo, Japan). The
contact angle of water on the cross-linked PE surface was mea-
sured by the sessile drop method at room temperature (22°C)
using a goniometer (Erma G-1, Tokyo. Japan).'® At least 10
contact angles were measured and averaged.

A 12-station hip simulator apparatus (MTS. MTS Systems Co
Lid. Minneapolis, MN) with two types of gamma-sterilized
cross-linked PE liners in 46 mm acetabular cups, a cross-linked
PE liner and an MPC-grafted cross-linked PE liner (MPC-CLPE
liner). coupled to 26 mm cobalt-chromium-molybdenum alloy
heads were mounted on the rotating blocks to produce a biaxial
or orbital motion. Friction torque between the liner and the femo-
ral head was measured using a torque measuring instrument. We
then applied a loading profile that simulated walking with con-
tinuous cyclic motion and loading (maximum force, 2744 N;
frequency, 1 Hz).>® A diluted bovine calf serum (25%) in dis-
tilled water was used as the lubricant. Sodium azide (10 mL/L)
and ethylenediaminetetraacetic acid (20 mm) were added to pre-
vent microbial contamination and minimize calcium phosphate
formation on the implant surface. The simulator was run up (o 1
x 107 cycles for 8 months. At intervals of 5 x 10° cycles the
liners were removed from the simulator and weighed on a mi-
crobalance (Sartorius GENIUS ME215S. Sartorius AG, Gittin-
gen, Germany). The lubricant was collected and stored at —20°C
for further analysis. After total loading. microdamage of the liner
surface was measured with a three-dimensional coordinate mea-
suring machine (XYZAX GS800B. Tokyo Seimitsu Co. Ltd.
Tokyo. Japan). To evaluate true removal of material caused by
wear. melt-recovery experiments were performed and the liner
surface was analyzed with confocal scanning laser microscope
(OLS1200, Olympus Corp. Tokyo, Japan) as previously re-
ported.” Por the femoral head surface, in addition to scanning
electron microscopy (SEM) evaluation. the surface roughness
value R, was measured using a roughness measuring instrument
(SURFTEST-501. Mitsutoyo Co, Ltd, Kanagawa, Japan) with a
5 pm diameter contact probe. For the isolation of wear particles
after loading, the lubricant was incubated with 5 N NaOH solu-
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tion to digest adhesive proteins that were degraded and precipi-
tated. Collected particles underwent sequential filtrations as pre-
viously reported.” The size of particles was defined as the maxi-
mum dimensions by the SEM analysis.

We compared the means of CLPE and MPC-CLPE groups by
analysis of variance and determined significance by post-hoc
testing using Bonferroni's method.

RESULTS

The XPS signals indicating nitrogen atoms (N, ) at 402 eV
and phosphorus atoms (P,,) at 135 eV, which are attrib-
utable to the phosphorylcholine group in the MPC unit,
were observed on the MPC-CLPE plate after gamma irri-
tation (Fig 2A). The FTIR transmittance absorption repre-
senting phosphate group (P-O) at 1240, 1080, and 970
em™, and ketone group (C = 0) at 1720 cm™ also was
observed after grafting and irradiation (Fig 2B). The con-
tact angle of a water droplet on the MPC-CLPE plate was
12.3% £ 2.4°, whereas the contact angle of a water droplet
of the original cross-linked PE plate was 89.9° + 2.9° (Fig
2C), suggesting the hydrophobic cross-linked PE surface
was kept covered with hydrophilic MPC polymer after the
gamina irritation.

In the hip simulator study (Fig 3A) the average friction
torque was approximately 80% lower in MPC-CLPE liners
than in cross-linked PE liners (Fig 3B). The gravimetric
analysis showed a total weight loss of 34.7 = 2.5 mg in
cross-linked PE liners after 1 x 107 cycles of loading (Fig
3C). In contrast, MPC-CLPE liners continued to gain
weight, showing a total weight gain of 8.7 £ 1 mg, which
may have been attributable to water absorption into the
liner from the lubricant.

Three-dimensional morphometric analyses of MPC-
CLPE liner surface revealed little or no detectable wear,
while substantial wear was detected in cross-linked PE
liners (Fig 4A). The confocal scanning laser microscopic
analysis of the liner surface clearly revealed original ma-
chine marks on the MPC-CLPE liner surface, but they
were completely obliterated from the cross-linked PE liner
(Fig 4B). The XPS analysis also confirmed the remainder
of the specific spectra of N, and P,, on the MPC-CLPE
liner surface after the loading (Fig 2A), indicating the
MPC-CLPE grafting was maintained after loading 1 x 107
cycles. The femoral heads were free of visible scratches and
the surface roughness expressed by the R, values was similar
before and after loading in both groups (R, = 0.04 — 0.05
pm), suggesting there was no abrasive contamination with
metal particles from the heads in the hip simulator (Fig 4C).

The SEM analysis of the wear particles isolated from
the lubricants showed no difference in the particle shapes
or sizes between cross-linked PE and MPC-CLPE liners.
Most of the particles from both liners ranged from 0.1 pm
tol pm and were round or spindle-shaped (Fig 5).
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Fig 2A-C. (A) Xray photoelectron spectra of the cross-linked
PE and MPC-CLPE plates after gamma sterilization are
shown. The peaks in the nitrogen (N1s) and phosphorus (P2p)
atom regions are specific to MPC, suggesting gamma steril-
ization did not affect the properties of MPC grafting. (B) Fourier
transform infrared spectra of the cross-linked PE and MPC-
CLPE plates after gamma sterilization are shown. Absorptions
representing the phosphate group (P-0) at 1240, 1080, and
970 cm~', and ketone group (C = O) at 1720 cm™" are also
specific to MPC. (C) Hydrophilicity determined by the contact
angle of a water drop with the cross-linked PE and MPC-CLPE
plates after gamma sterilization is represented. Data are ex-
pressed as means (bars) + standard errors (error bars) for 12
plates per group (*significant difference from cross-linked PE
was set at p < 0.01).
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Fig 3A-C. (A) A photograph shows the hip simulator. (B) The
bar graph shows friction torque of the cross-linked PE and
MPC-CLPE liners against the femoral heads measured before
the loading test. (C) The graph shows the time course of the
amount of wear product from cross-linked PE and MPC-CLPE
liners during 1 x 107 cycles of loading. Data are expressed as
means (symbols and bars) + standard errors (error bars) for 10
liners/group (*significant difference from cross-linked PE was
set at p < 0.01).

DISCUSSION

Our data suggest the biocompatible phospholipid polymer
MPC grafted onto the PE liner surface of the hip prosthesis
decreases friction and the production of wear particles
during 1 x 107 cycles of loading in a hip simulator. Be-
cause PE particles are the most abundant and catabolic
among wear particles in the periprosthetic tissues,’® alter-
native bearing surfaces have been proposed such as ce-
ramic-on-ceramic and metal-on-metal articulations; how-
ever, these have potential disadvantages.>->

The major limitation of our study is the confined period
of loading. Although the 1 x 107 cycles in the hip simu-
lator is comparable to 10 to 30 years of physical walking,
this may not be long enough for young active patients with
aseptic necrosis or fracture. A hip simulator study with
longer loading is now underway. Furthermore, a hip simu-
lator does not entirely capture the range of loading condi-

MPC-CLPE {3

Pre CLPE

Fig 4A-C. (A) Three-dimensional morphometric analysis and
(B) confocal scanning laser microscopic analysis of the liner
surfaces before (pre) and after 1 x 107 cycles of loading on
cross-linked PE and MPC-CLPE liners is shown (scale bars,
200 pm). (C) Scanning electron microscopy analyses of the
femoral head surfaces before (pre) and after 1 x 107 cycles of
loading showed the femoral heads were free of visible
scratches in both liners (scale bars, 5 um).

tions of a hip, in terms of either the variety of positions or
the magnitude of loading. Nonetheless, we believe a simu-
lator study can provide some indication of trends.

The long history and popularity of PE as a bearing
surface has led to research in the development of tougher

X 2000 X 30,000 X 100,000

CLPE

MPC-
CLPE

Fig 5. Scanning electron microscopy images show the wear
particles isolated from Iubricants of the simulators with cross-
linked PE and MPC liners. Representative images are shown
in three magnifications (x2000, x30,000, and x100,000; scale
bars, 10 pm, 500 nm, and 200 nm, respectively).
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and more wear-resistant PE materials. These include the
incorporation of short chopped carbon fibers in PE ma-
trix,®*! the extension of chain crystallite morphology with
thicker lamellae and higher crystallinity,?® and the creation
of a three-dimensional molecular network by cross-
linking. Of these, cross-linking improved the wear resis-
tance and suppressed the periprosthetic osteolysis most
efficiently in the clinical setting.>' Grafting of MPC onto
the cross-linked PE surface further increased the wear re-
sistance over the conventional cross-linked PE.

Clinical and laboratory research suggests sterilization
methods can dramatically affect the in vivo performance
of PE liners.>? Currently, PE liners can be sterilized with
gamma irradiation, gas plasma, or ethylene oxide. Gamma
sterilization in air has been shown to lead to oxidation of
the PE and may adversely affect its mechanical properties.
In the mid-1990s, the use of gamma sterilization in air was
replaced by gamma sterilization in an inert environment,
such as nitrogen, argon, or a vacuum. We used cross-
linked PE liners sterilized gamma irradiation in nitrogen,
and our data suggest this sterilization method did not affect
the property of MPC grafting with respect to surface
analysis and hip simulator study. Other MPC-grafted
medical devices such as an oxygenator, intravascular
stents, or intravascular guide wires are sterilized with
gamma irradiation or ethylene oxide. Moreover, the MPC
polymer has good thermal resistance and could be pro-
cessed by heat treatment at 150°C. Our preliminary study
showed gas plasma and ethylene oxide sterilization did not
affect properties of the MPC polymer.*®

Given a reduction of wear by the MPC grafting, we
should consider the lubrication mechanism between the
liners and metal heads. Although phospholipids work as
effective boundary lubricants,’**° a study of natural sy-
novial joints showed fluid film lubrication by the interme-
diate hydrated layer is the predominant mechanism under
physiologic walking conditions.” Because we showed the
MPC grafting onto the cross-linked PE plate increased
hydrophilicity, and our previous study showed the free
water fraction on the MPC polymer surface is kept at a
higher level,'” the reduction of wear is likely attributable
to the hydrated lubricating layer formed by MPC grafting.

In addition to the improvement of the wear resistance of
the liner, it is important to decrease bone resorptive re-
sponses induced by wear particles. Substantial differences
between the wear particles from cross-linked and non-
cross-linked PE liners have been found in vitro.®!> The
cross-linked PE liner releases a relatively high number of
submicrometer and nanometer-sized PE particles and rela-
tively fewer particles that are several micrometers in di-
mension.'" These submicrometer-sized PE particles in-
duce a greater inflammatory response in vitro than larger
particles.'” Therefore, the biological activity of PE par-

ticles will depend on the total volume of wear or the num-
ber of particles generated and the proportion of those par-
ticles that are within the most -biologically active size
range.®!! In our previous study, MPC nanoparticles (500
nm in diameter) were used in a murine particle-induced
osteolysis model to investigate the biocompatibility of
these particles.®* In vitro culture systems suggested MPC
nanoparticles were not phagocytosed in substantial
amounts by macrophages and do not induce the production
of bone resorptive cytokines. Furthermore, the culture me-
dium of macrophages exposed to MPC nanoparticles did
not induce osteoclast formation from bone marrow cells.
These results suggest MPC particles are biologically inert
in respect to phagocytosis by macrophages and subsequent
bone resorptive actions. An increasing number of studies
address the potential pharmacologic modification of the
adverse host response to wear particles,”'? including cy-
tokine antagonists, cyclooxygenase-2 inhibitors, and os-
teoprotegerin, or anti-RANKL (receptor activator of
nuclear vector kappa B ligand) antibody; however, they
may cause serious side effects because the agents must
taken for a long period after surgery and because they are
not currently targeted to the site of the problem. Because
the lack of side effects of the MPC polymer grafting has
already been confirmed clinically by several biomateri-
als,>2° this grafting surpasses the developing pharmaco-
logic treatments.

Although our study focused on the hip, MPC polymer
grafting can be applicable to the prevention of peripros-
thetic osteolysis of other joints in which PE particles from
articular interfaces between the PE and metal components
are also thought to initiate the catabolic cascade.'*?° From
the advantages observed, we believe MPC polymer graft-
ing will improve total joint replacement by preventing
periprosthetic osteolysis and aseptic loosening. The devel-
opment of this nanotechnology would improve the quality
of care of patients having total joint replacement and have
a substantial public health impact. We are currently de-
signing a large-scale clinical trial.
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Distinct association of gene polymorphisms
of estrogen receptor and vitamin D receptor
with lumbar spondylosis in post-menopausal

women

Abstract Contribution of genetic
backgrounds to the etiology of
lumbar spondylosis has been sug-
gested by epidemiological studies.
This study was designed to deter-
mine the association of restriction
fragment length polymorphisms
(RFLPs) of estrogen receptor (ER),
vitamin D receptor (VDR), para-
thyroid hormone (PTH) and inter-
leukin-1p (IL-1p) genes with the
radiological severity of lumbar
spondylosis at the disk level from
L1/2 to L5/S1 in Japanese post-
menopausal women. ER and VDR
RFLP haplotypes were associated
with the severity of spondylosis in
the upper levels (L1/2 and 12/3)
more than in the lower levels. Asso-
ciation of ER genotype was more
pronounced in the group younger

than average than in the older
group, while that of VDR genotype
was more significant in the older
group. Neither PTH nor IL1-§
RFLP was associated with the
severity at any levels in either strat-
ified group. We thus conclude that
ER and VDR genes may contribute
to lumbar spondylosis in a distinct
manner: estrogen sensitivity influ-
ences the severity in the early phase
after menopause while vitamin D
plays an important role at older ages
when the contribution of estrogen
loss is weaker.

Keywords Spondylosis -
Polymorphism -

Estrogen receptor - Vitamin D
receptor

Introduction

Osteoarthritis including spinal spondylosis, a chronic
degenerative joint disorder, is prevalent in society as a
major cause of disability. In Western countries, 10-50%
of the senior population is affected by osteoarthritis, a
quarter of whom are severely disabled due to joint
symptoms or neuropathies [6]. In Japan as well,
approximately 10 million of the country’s 120 million
inhabitants are suffering from osteoarthritis, with the
figure increasing by 900,000 every year. Because of the
prevalence of the disease in the elderly, this trend is
occurring worldwide as a consequence of increasing
longevity due to the overall improvement in living
conditions and health status [21]. Despite significant

social demand, research on osteoarthritis is still mar-
ginalized within biomedical research, so that the
molecular and genetic bases for the disease are largely
unmapped.

Family studies have suggested that not only osteo-
arthritis of the knee and hand [8, 14, 30], but also spinal
spondylosis and degeneration [3, 27] have a strong
genetic component with an increased prevalence in first-
degree relatives of affected individuals. A twin study
demonstrated a clear genetic effect for radiographic
osteoarthritis of the knee and hand in women, with
39-65% of the variance being explained by genetic
factors [30]. Recent population-based case-control
studies have disclosed the association of polymorphisms
of bone and cartilage metabolism regulatory factor



genes with common skeletal disorders. such as osteo-
porosis and osteoarthritis. These include genes for
estrogen receptor (ER), vitamin D receptor (VDR),
parathyroid hormone (PTH) and interleukin-1 (IL-1) [1,
2,4,5,7, 10, 12, 15, 16, 19, 20, 22, 29, 33, 35, 36].
Several investigations have suggested polymorphisms in
the genes encoding ER. VDR, type II procollagen, type
XI collagen and transforming growth factor-f are
associated with either the development or severity of
osteoarthritis of extremities [I, 4, 16, 18, 33-35].
However, there are only a few reports on the associa-
tion of gene polymorphisms with spinal spondylosis [36,
37). Indeed, several factors including late onset of the
disorder, lack of a large family suitable for genetic
linkage analysis, a strong contribution of environmental
factors, such as accumulated mechanical stress to the
spine, and a probable polygenetic nature of the disease
have hampered the genetic analysis of the disorder.
Hence, this study focused on the association of poly-
morphisms of certain candidate genes: ER, VDR, PTH
and IL-1p, all of which are known to be potent regu-
lators of skeletal metabolism, with spondylotic changes
of the lumbar spine in a population of Japanese post-
menopausal women.

Materials and methods
Subjects

Genotype analyses were carried out using genomic DNA
extracted from peripheral blood samples obtained from
318 post-menopausal Japanese women living in Nagano
prefecture. All patients were unrelated volunteers who
gave informed consent before the study. Since this is a
rural area located in the central Japan with little change
of inhabitants, the population in each generation shares
similar genetic backgrounds from the Japanese typical
ethnic ancestry as previously reported [28]. The number
of samples for each gene analysis was different since the
content of the informed consent varied depending on the
time of the sample collection; that is, at the start of this
project we stated only VDR genotyping analysis in the
informed consent, and added ER, IL-18, and PTH
analyses in it thereafter. The clinical characteristics of
the women recruited for the study were as follows: mean
+ SD of age 63.7=10.0 (range 51-76) years old, body
height 151.0£6.5 cm, body weight: 50.8+8.0 kg, and
body mass index (BMI) 22.3+3.1 kg/m*. Exclusion
criteria included endocrinological disorders (e.g.,
hyperthyroidism, hyperparathyroidism, diabetes mell-
itus), liver or renal diseases, use of medications that were
known to affect bone and cartilage metabolism (e.g.,
estrogen, bisphosphonates, vitamin D, calcium supple-
ment, corticosteroids, anticonvulsants, heparin), and
unusual gynecological history. The patients were also

divided into two subpopulations, younger and older
groups, bordered by the average age: 63.9 years for ER,
63.6 years for VDR, 63.7 years for PTH, and 64.1 years
for IL-18.

Measurements of phenotypes

The severity of spondylosis in the disk level from L1/2 to
L5/S1 was graded according to the Kellgren-Lawrence
scoring (grade 0—4) on a lateral radiograph of the lum-
bar spine under standardized conditions. This scoring is
a well-known system for grading osteoarthritis severity
of many joints [17], and has widely been used in previous
studies to assess the severity of lumbar spondylosis
23, 38]. The scoring is designated as follows: 0 =normal;
1 =doubtful narrowing of joint space and possible
osteophyte formation; 2 =definite osteophytes and pos-
sible narrowing of joint space; 3=moderate multiple
osteophytes, definite narrowing of joint space, some
sclerosis, and possible deformity of bone contour;
4=large osteophytes, marked narrowing of joint space,
severe sclerosis, and definite deformity of bone contour.
Bone mineral density (BMD. mg/cm?) of the second
through fourth lumbar spine (L2-L4) was measured by
dual-energy X-ray absorptiometry (DPX-L, Lunar Co.,
Madison, WI). This parameter was expressed as a Z
score that is a deviation from the weight-adjusted aver-
age BMD of each age based on the data of 20,000
Japanese women installed in Lunar DPX-L. The study
protocol was approved by the ethical committee for
human subjects of the University of Tokyo.

Genomic DNA analysis for restriction fragment
length polymorphism

Genomic DNA (0.1 pg) was subjected to polymerase
chain reaction (PCR) amplification using Tag DNA
polymerase (PE Biosystem, Foster City, CA) with the
sense and antisense primers synthesized by Operon
Biotechnologies Inc. (Tokyo, Japan) upon request
(Table 1). PCR products were digested by restriction
endonucleases: Pyu-II and Xba-1 for ER, Apa-1 and
Bsm-1 for VDR, Bst-BI and Dra-1 for PTH, and Aba-1
for IL-1f, and digested products were analyzed by 1.2%
agarose gel electrophoresis. The allele that could be
digested by the enzyme was expressed by (+ ) while that
could not by (), and the RFLP genotype was expressed
by the combination: + +, +—, and —. In addition to
the genotypes, the haplotypes were shown as the com-
bination of two RFLP genotypes (+ + =1, +-=2, and
——=3) in ER (Pyu-11:Xba-1), VDR (4pa-1:Bsm-1) or
PTH (Bst-Bl:Dra-1y [11, 12, 13, 21, 22, 23, 31, 32, 33].
Hardy-Weinberg equilibrium [11] was used to determine
whether or not there are large departures from inde-
pendence between pairs of alleles at a gene locus.
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Table 1 Primers for RFLP in each candidate gene

Gene Forward Reverse Product Annealing
size (bp) temperature (°C)
ER CTGCCACCCTATCTGTATCTTTC TCTTTCTCTGCCACCCTGGCGTCG 629 57
VDR AGCTGGCCCTGGCACTGACTC ATGGAAACACCTTGCTTCTTCTCCC 265 56
PTH CATTCTGTGTACTATAGTTTG GAGCTTTGAATTAGCAGCATG 384 54
IL-15 CTCATATTCCTGGCTAGTTTTGCTGA TTGAAAGCACAGTCGGGCATAC 345 56

Linkage disequilibrium among these RFLPs was evalu-
ated by calculating haplotype frequencies according to
the method by Hill [13] and Thompson et al. [32].

Statistical analyses

Means of Kellgren—Lawrence score in each genotype or
haplotype were evaluated by ANOVA and significance
of differences was determined by post-hoc testing using
Bonferroni’s method. The »* test was used to assess
Hardy—Weinberg equilibrium. A P value less than 0.05
was considered statistically significant.

Results

Association of ER, VDR, PTH and IL-15 RFLP
genotypes with lumbar spondylosis

Table 2 shows the background data of the study par-
ticipants. The genotypic frequencies for these RFLPs

Table 2 Background data of women of each genotype

were not significantly different in any subpopulation
from those expected for populations in Hardy—Weinberg
equilibrium (all P>0.05). In addition, none of the
linkage disequilibrium values for marker pairs differed
significantly from zero (all P>0.05), indicating there
was no significant linkage disequilibrium among these
RFLPs.

Regarding the association of the genotypes with the
background data, no significant difference in age, body
weight, height or BMI was seen among the RFLP
genotypes in ER, VDR, PTH or IL-1§ (all P> 0.05).
BMD (1L.2-4) expressed as the Z score after being ad-
justed by age and weight also was not different among
the genotypes.

When associations between the RFLP genotypes and
the severity of spondylosis determined by the Kellgren—
Lawrence grading were examined, there was no signifi-
cant difference of the severity among genotypes in any
RFLPs at any disk level from L1/2 to L5/S1 (all
P>0.05, data not shown). For a stratified analysis by
age, we divided the population into two groups younger
and older than the average age in each genotype popu-

Gene Enzyme  Genotype Age (years)  Body height (cm)  Body weight (kg)  BMI BMD (Z score)
ER (n=261) Pyu-11 ++(n =78) 63.1 (10.1) 150.3 (6.2) 49.9 (8.5) 22.0 (3.0)  0.121 (1.433)
+—(n =139) 64.2 (10.7) 150.8 (7.2) 50.6 (8.0) 223 (3.3) -0.006 (1.432)
——(n =44) 64.5 (9.0) 151.3 (6.3) 52.4 (7.9) 229 (2.8) -0.259 (1.191)
Xba-1 + 4+ =176)  63.4 (10.8) 150.5 (6.7) 50.1 (8.3) 22.1(2.9) 0.004 (1.427)
+—(n =79) 64.8 (8.9) 151.5 (6.9) 522 (7.9) 22.8 (3.5)  —0.037 (1.360)
——(n =6) 66.7 (8.2) 147.3 (4.8) 48.7 (6.3) 224 (24) -0.047 (1.179)
VDR (n=318)  Apa-l ++(n =125)  63.3(9.8) 151.0 (6.9) 51.4 (8.7) 22.5(3.5) -0.055 (1.498)
+—(n =149) 64.0 (10.1) 151.1 (6.0) 50.7 (7.6) 22.2(2.8) 0.137 (1.463)
——(n =44) 63.3 (10.1) 150.3 (6.5) 49.4 (6.8) 219 (2.7) -0.332 (1.206)
Bsm-1 ++(n =238) 63.6(9.9) 151.1 (6.5) 51.0 (8.3) 223 (3.2) 0.059 (1.491)
+—(n =72) 64.0 (10.5) 150.7 (6.2) 50.5 (7.0) 22.2(2.6) -0.214 (1.325)
——(n =8) 62.1 (8.0) 149.1 (5.9) 46.4 (6.0) 209 (3.1) -0.489 (1.110)
PTH (n=104) Bst-Bl ++m=1) 60 (-) 153 (=) 39 (-) 16.7 (-) -0.700 (-)
+—(n =14) 62.3 (12.6) 151.8 (7.2) 51.5 (7.4) 22.3(2.9) -0.576 (1.262)
——(n =89) 63.9 (10.4) 150.3 (6.0) 50.5 (7.2) 224 (3.1) -0.142 (1.335)
Dra-1 ++m =0) - - - - -
+—(n =27) 63.2 (12.1) 150.0 (6.1) 50.0 (7.0) 222 (2.6) -0.590 (1.314)
—(n =77) 63.8 (10.1) 150.7 (6.2) 50.7 (7.4) 223 (32) -0.071 (1.307)
IL-18 (n=116)  Aba-1 + +(n =44) 64.9 (10.9) 150.7 (7.1) 50.8 (7.9) 224 (3.4) -0.395 (1.248)
+—(n =52) 63.8 (12.5) 151.3 :(5:5) 50.1 (6.3) 21.9 (2.8) —0.059 (1.282)
——(n =20) 63.1 (9.7) 149.1 (5.1) 50.0 (8.2) 22.5(3.3) —0.318 (1.500)

Data of age, body height, weight, BMI, BMD (L2-4, Z score) are expressed by the mean (SD)



Table 3 Background data of women of each haplotype

Gene Haplotype Age (years)  Body height (cm)  Body weight (kg)  BMI BMD (Z score)
ER (n=261) (Pvu-1I: Xba-1) 11 (n=15) 69.6 (4.5) 147.0 (5.3) 47.6 (6.3) 22.0 (2.5)  0.224 (1.089)
12 (n =20) 64.7 (8.1) 153.0 (6.1) 54.9 (9.5) 234 (3.3) -0.470 (0.902)
13 (n =19) 63.1 (10.5) 150.7 (6.4) 51.2 (5.4) 22.5(2.2) -0.159 (1.478)
21 (n =1) 52 (-) 149 (-) 54 (-) 243 () -0.601 (=)
22 (n =58) 64.8 (9.3) 150.9 (7.2) 51.0 (7.0) 22.5(3.5) 0.106 (1.476)
23 (n =80) 63.8 (11.6) 150.7 (7.2) 50.3 (8.8) 22.1 (3.0) —-0.077 (1.413)
32m=1) 62 (-) 158 (-) 65 (-) 26.0 (-) 0.800 (-)
33 (n =77) 63.1 (10.1) 150.2 (6.2) 49.7 (8.3) 22.0 (3.0) 0.112 (1.441)
VDR (n =318) (dpa-I:Bsm-1) 11 (n =7) 61.9 (8.6) 149.1 (6.4) 45.9 (6.3) 20.7 (3.2) -0.574 (1.170)
12 (n =16) 62.8 (8.5) 152.3 (6.0) 52.9 (6.5) 23.1 (3.0) —-0.797 (1.242)
13 (n =21) 64.0 (11.9) 150.0 (7.0) 48.0 (6.2) 21.3 (2.0)  0.124 (1.069)
21 (n =1) 64 (-) 149 () 50 () 225 (-) 0.110 (-)
22 (n =56) 64.3 (11.1) 150.5 (6.3) 49.8 (7.0) 21.9 (2.5) -0.420 (1.310)
23 (n =91) 63.8 (9.6) 151.3 (5.8) 51.2 (8.0) 223 (3.0) 0.246 (1.554)
33 (n =126) 63.4(9.8) 151.1 (7.0) 51.4 8.7) 22.5(3.5) —0.850 (1.498)
PTH (n =104) (Bst-Bl:Dra-1) 11 (n =64) 63.7 (10.0) 150.7 (6.1) 50.8 (7.2) 224 (3.2)  0.001 (1.320)
12 (n =25) 64.6 (11.5) 149.4 (5.8) 49.6 (7.2) 222 (2.7) -0.509 (1.328)
21 (n =12) 65.0 (11.4) 150.9 (7.3) 51.0 (7.4) 224 (3.1) -0.325(1.307)
22 (n =2) 46.0 (1.4) 157.0 (5.7) 54.5(2.1) 22.1(0.7) -1.600 (0.566)
31 (n =1) 60 (-) 153 (-) 39 (-) 16.7 (=) —0.700 (=)

Haplotypes are shown as the combination of two RFLP genotypes (+ + =1, +—=2,and —— = 3)in ER (Pvu-11:Xba-1), VDR (Apa-1: Bsm-1)
or PTH (Bst-BI:Dra-1). Data of age, body height, weight, BMI and BMD (L2-4, Z score) are expressed by the mean (SD)

lation. Here again, there was no significant association
between RFLP genotypes and spondylosis severity at
any levels in either population (data not shown).

Association of ER, VDR, PTH and IL-18 RFLP hapl-
otypes with lumbar spondylosis

We further examined two RFLPs jointly in ER, VDR
and PTH by haplotypic analysis. No significant differ-
ence in age, body weight, height, BMI or BMD (L24, Z
score) was seen among the RFLP haplotypes in ER,
VDR, PTH or IL-1f (Table 3, all P>0.05). Association
studies revealed that there were significant differences in
the severity of spondylosis among haplotypes of ER
(Fig. 1) and VDR (Fig. 2) RFLPs, especially in the up-
per levels of the lumbar spine (L1/2 and L2/3). A
stratified analysis by age revealed that the association of
the ER haplotype was more pronounced in the younger
group (<639 years) than in the older group
(> 63.9 years). Contrarily, the association of the VDR
haplotype was more significant in the older group
(> 63.6 years) than in the younger group ( < 63.6 years).
The PTH RFLP haplotype was not associated with the
severity at any level in either group.

Discussion

To learn the involvement of ER, VDR, PTH and IL-18
genes in the etiology of lumbar spondylosis in
post-menopausal women, this study looked at the

association between the polymorphisms and the severity
of spondylosis. The RFLP haplotypes of ER and VDR,
although not their genotypes, were associated with the
spondylosis of the upper lumbar spine. It is well known
that the spondylotic change occurs more frequently in
the lower levels like L4/5 or L5/S1 than in the upper
levels, and that the most important environmental factor
for these disorders is the accumulation of mechanical
stress. Hence, it is speculated that genetic contribution
may be more prominent in the upper lumbar spine where
the influence of the accumulating mechanical stress is
relatively small.

Interestingly, the subpopulations in which ER and
VDR showed significant associations with spondylosis
were different: the former in younger and the latter in
older subpopulations, suggesting that these two genes
distinctly contribute to lumbar spondylosis. However,
the mechanisms whereby the ER and VDR genes
associated with the severity pose a risk for this con-
dition are currently unclear. Although the present
study did not investigate the association of these
polymorphisms with osteoarthritis of the extremities,
previous reports have strongly indicated that the
present findings are not specific to lumbar spondylosis,
but rather commonly seen in general osteoarthritic
disorders. ER polymorphism may generally affect the
estrogen sensitivity in the joint cartilage, which may
influence the severity in the early phase after meno-
pause. Involvement of estrogen in osteoarthritis and
spondylosis is consistent with the larger increases in
women than in men in the prevalence of the disorder
after 50 years of age, and actually, two estrogen
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Fig. 1 Association between ER
RFLP haplotypes and the
severity of spondylosis at disk K-L score
levels (L1/2-L5/S1) in the over-

all (n=261), younger (n=131) 3r
and older (n=130) populations
of post-menopausal women.
The allele that could be digested
by Pvu-II and Xba-1 endonuc-
leases was expressed by (+)
while that which could not by
(-), and the genotype was
shown by the combination:
++=1, +-=2,and ——=3.
The haplotypes were further
expressed by the combination

Overall
(n=261)

E|11 2422
E12 [23
713 EI33

of genotypes (11, 12, 13, 21, 22,
23, 31, 32, 33). The severity of
spondylosis at each disk level
was graded according to the
Kellgren-Lawrence score
(grade 0-4) on a lateral radio-
graph of the lumbar spine.
Patients were divided into two
subpopulations younger and
older than the average age:
63.6 years. Data are expressed
as means (bars) = SEMs (error
bars). ¥*P <0.05, #P <0.01;
significant difference

Young
(n=131)

old
(n=130)

receptors (ERe and ERf) have been identified in
normal and osteoarthritic cartilage [26, 35], indicating
that the cartilage can respond to estrogen. Further-
more, hormone replacement therapy for menopause
seems to be associated with a decrease in the preva-
lence of symptoms and radiological alterations related
to osteoarthritis [25]. Estrogen can influence chondro-
cyte function on multiple levels by interacting with
cellular growth factors, adhesion molecules and cyto-
kines. Nevertheless, findings regarding the correlation
between estrogen and osteoarthritis are inconsistent
and inconclusive and range from estrogen protecting
against osteoarthritis to cartilage damage mediated by

L5/S

L4/5

high levels of estrogen and higher binding to estrogen
receptors [9]. Contrary to estrogen, vitamin D may
play an important role in spondylosis at older ages
when the contribution of estrogen loss is weaker.
Expression of vitamin D receptor has also been
detected in osteoarthritic cartilage and human articular
chondrocytes; however, its function on chondrocytes is
unclear [31]. Indeed, the present and previous studies
could implicate the VDR gene itself to be functionally
involved in the etiology of osteoarthritis [16, 33, 36].
Alternatively, since there are a number of reports
indicating that ER and VDR genotypes are implicated
in determining bone density [2, 7, 12, 19, 20, 22], the
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Fig. 2 Association between
VDR RFLP haplotypes and the
severity of spondylosis at disk
levels (L1/2-L5/S1) in the over-
all (n=318), younger (n=165)
and older (n=153) populations
of postmenopausal women. The
haplotypes were expressed by
the combination of RFLP
genotypes by Apa-1 and Bsm-1
endonuclease digestions as
described in Fig. 1. The severity
of spondylosis at each disk level
was graded according to the
Kellgren-Lawrence score
(grade 0-4) on a lateral radio-

K-L score

Overall
(n=318)

H|11 122
Eg12 [123
B13 EH233

graph of the lumbar spine.
Patients were divided into two
subpopulations younger and
older than the average age:
63.9 years. Data are expressed
as means (bars) + SEMs (error
bars). *P<0.05, #P <0.01;
significant difference

Young
(n=165)

old
(n=153)

By

)

i

“

significant association between the RFLPs and spondy-
losis might be secondary to the effects on bone density.
This would be in line with the suggestion that decreased
bone density could lead to less damage of articular
cartilage because of differential impact loading [24]. In
the present study, however, the fact that there was no
difference in bone density among the RFLP genotypes
and haplotypes (Tables 2, 3) indicates that the findings
on spondylosis are independent of bone density in the
lumbar spine.

L2/3 L4/5 L5/S  Mean

Considering that neither of the ER and VDR poly-
morphic sites is located in exons but instead in introns,
these nucleotide variants do not directly lead to amino
acid substitutions. The most likely mechanism may be
that these intronic substitutions affect the splicing
mechanism; the one base substitution may yield an
alternate transcript with abnormal function or affect the
expression level of proteins. The next task ahead of us
will be to investigate the relevance of these polymor-
phisms to the production or function of ER and VDR.
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Regarding the clinical utility of this study, the prac-
tical application of this genetic information of individ-
uals to specific diagnostic or therapeutic modifications is
a conceptual goal. It is true that the ER and VDR gene
polymorphisms might possibly “be useful diagnostic
markers to predict the progression of lumbar spondy-
losis; however, this study demonstrated no more than
the possible involvement of ER and VDR signalings in
this disorder, and is incomplete and premature for
clinical use. For example, the cut-off between ‘young’
and ‘old’ is the average age of the population just hap-
pened to be enrolled in the present study, but not a
definite age that is applicable to the general population.
Our stratified analysis to decide the cut-off age by
dividing the population into five generations: <56, 56—
60, 61-65, 66-70, and > 70, failed to show the clear
association of ER or VDR polymorphism with the
lumbar spondylosis (data not shown). This may be at
least partly due to the insufficiency of the population in
each subgroup, which results in significant difference
(P<0.05) of the genotypic frequencies from those
expected in Hardy—Weinberg equilibrium in the sub-
populations. To decide the cut-off age for the exact
diagnostic criteria by the ER and VDR polymorphisms,
it will be essential to increase the population studied, so
that more precise stratified analyses can be done. In

addition, although the objective of this study is limited
to post-menopausal women, the conclusion will be more
enhanced with the inclusion of other ages like pre-
menopausal women. Regarding therapeutic modifica-
tions, estrogen and vitamin D themselves or regulators
of their expressions or functions might possibly lead to
conservative treatment to prevent the progression. In
reality, however, such modification is an era away from
the current generation. The legal, social, and ethical
implications of this information are also overwhelming.

Using the information gained, we demonstrated
possible associations of ER and VDR genes with lumbar
spondylosis. These genes might have a relatively small
attributable risk fraction for this disease; however,
identification of the disease-susceptibility and disease -
severity gene could lead to a better understanding of the
molecular pathogenesis of the condition, which is
essential to develop a significant diagnosis and treat-
ment. Further studies on the functional relevance of
these gene abnormalities could provide new biological
insights into the etiology of diseases with osteoarthritis
including spondylosis.
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Therapeutic Effect of Risedronate on Cancellous and
Cortical Bone in Ovariectomized Osteopenic Rats:
A Comparison with the Effects of Alfacalcidol
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Abstract: The purpose of the present study was to compare the therapeutic effects of
risedronate (RIS) and alfacalcidol (ALF) on cancellous and cortical bone in ovariectomized
osteopenic rats. Forty-two female Sprague-Dawley rats, 7 months of age, were randomized
by the stratified weight method into six groups: the sham-operated control (Sham) group,
and five ovariectomized groups: treated with vehicle, RIS (0.1, 1.0, or 2.5 mg/kg, p.o.,
daily), and ALF (0.5 ug/kg, p.o., daily). Treatment was started 6 weeks after surgery and
continued for 6 weeks. Evaluation at 12 weeks after surgery revealed that ovariectomy
(OVX) decreased the cancellous bone volumef/total tissue volume (BV/TV) of the proximal
tibial metaphysis as a result of an increase of the bone formation rate/bone surface (BFR/
BS), BFR/BV, and eroded surface (ES/BS), while having no effect on the cortical area (Ct
Ar) of the tibial diaphysis. OVX also decreased the maximum load of the femoral distal
metaphysis, while having no effect on any mechanical property parameters of the femoral
diaphysis. RIS (at all the doses) increased the BV/TV relative to the value in the OVX-
Vehicle group, but the value was not restored to that observed in the Sham group. The
effects of RIS (1.0 mg/kg and 2.5 mg/kg) were similar, and greater than those of RIS (0.1
mg/kg). ALF also increased the BV/TV relative to the OVX-Vehicle group, but the value
was not restored to that observed in the Sham group, similar to the results of RIS (1.0 mg/
kg and 2.5 mg/kg) treatment. The alterations of the structural parameters induced by RIS
(at the doses) were attributable to suppression of the increase of ES/BS, BFR/BS, and
BFR/BV. The alterations of the structural parameters induced by ALF were attributable to
suppression of the increase of ES/BS and attenuation of the increase of BFR/BV, while the
BFR/BS was maintained. ALF also increased the Ct Ar to beyond the value observed in the
Sham group. RIS (at all the doses) had no effect on the mechanical properties of the
femoral distal metaphysis, whereas ALF prevented the loss of the maximum load of the
femoral distal metaphysis. Thus, the results of the present study show differential effects of
RIS and ALF on cancellous and cortical bone in ovariectomized osteopenic rats.
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(Received 24 November 2005 / Accepred 3 February 2006)
Address corresponding: J. hwamoto, Department of Sports Medicine. Keio University School of Medicine, 35 Shinanomachi, Shinjuku-ku.
Tokyo 160-8582, Japan



334 J. IWAMOTO, ET AL.

Introduction

Osteoporosis is recognized as a major public health
problem. Because estrogen deficiency associated with
menopause causes marked bone loss, osteoporosis pri-
marily affects postmenopausal women. The
bisphosphonate, risedronate (RIS) and the active vita-
min D;, alfacalcidol (ALF), have been widely used for
postmenopausal osteoporosis in Japan. Several large
randomized controlled trials (RCTs) have demonstrated
that RIS reduces the incidence of vertebral and hip frac-
tures in postmenopausal osteoporotic women [7, 8, 12].
However, because no large RCTs have been conducted
to determine the anti-fracture efficacy of ALF in post-
menopausal osteoporotic women, its efficacy in the
treatment of postmenopausal osteoporosis remains to
be established.

Several preclinical studies have reported on the ef-
fects of RIS and ALF against cancellous osteopenia
* using a rat model of postmenopausal osteoporosis (the
preventive effects of RIS and ALF on osteopenia) [6,
15, 20]. RIS suppresses bone resorption and prevents
cancellous bone loss in ovariectomized rats [6, 15]. On
the other hand, ALF suppresses bone resorption, but
maintains or even stimulates bone formation, thereby
increasing the bone mineral density (BMD) and im-
proving the mechanical properties of the bone [20].
However, very few studies have reported on the thera-
peutic effects of RIS or ALF on the bone mass and
mechanical properties in ovariectomized osteopenic rats
(the therapeutic effects of RIS and ALF on established
osteopenia). The purpose of the present study was to
compare the therapeutic effects of RIS and ALF on
cancellous and cortical bone in ovariectomized
osteopenic rats.

Materials and Methods

Treatment of animals

Forty-two female Sprague-Dawley rats, 7 months of
age, were purchased from Charles River Japan
(Kanagawa, Japan). They were fed a pelleted standard
chow diet containing 1.25% calcium and 0.9% phos-
phorus (CRF-1: Oriental Kobo, Co., Ltd., Tokyo,
Japan). The animals were housed under local vivarium
conditions (temperature 23.3°C, humidity 55%, and 12
h on/off light cycle), with free access to water. After

allowing one week for adaptation to the new environ-
ment, the rats were randomized by the stratified weight
method into the following six groups: sham-operation
+ vehicle (Sham, n=5) group, bilateral ovariectomy
(OVX, n=5) + vehicle group, OVX + RIS (0.1 mg/kg
[n=8], 1.0 mg/kg [n=8], and 2.5 mg/kg [n=8]) groups,
and OVX + ALF (0.5 ug/kg, n=8) group. The treat-
ment with vehicle, RIS, or ALF was started 6 weeks
after surgery and continued for 6 weeks. Bilateral OVX
was performed under general anesthesia induced by in-
traperitoneal injection of 25-30 mg/kg pentobarbital
sodium. Tablet forms of RIS (Actonel, Aventis Pharma,
Tokyo, Japan) or ALF (One-alfa, Teijin Pharma, To-
kyo, Japan) were pulverized, dissolved in 0.1 ml of
sterile saline, and administered orally to the animals
daily by gavage deep into the mouth. The doses of RIS
and ALF were determined based on the results of pre-
vious studies [6, 13, 15, 20]; the daily dose of ALF (0.5
Hg/kg) was 5 times higher than the effective daily dose
(0.1 ug/kg) for preventing the loss of the proximal,
middle, and distal femoral BMD in OVX rats [20],
while the daily doses of RIS, 0.1 mg/kg, 1.0 mg/kg,
and 2.5 mg/kg were within the range of doses previ-
ously tested in OVX or hind-limb immobilized rats [6,
13, 15]. The skeletal efficacy of ALF in ovariecto-
mized rats has clearly been established [20]. Because
the present study focused on investigating the effect of
RIS on established osteopenia after OVX and compar-
ing the skeletal efficacy between RIS and ALF, the
highly effective dose of ALF and the low, middle, and
high dose of RIS were selected. Only vehicle (0.1 ml
of sterile saline) was also administered orally to the
animals daily by gavage in the Sham-vehicle and OVX-
vehicle groups. The body weight of the rats was
monitored weekly, and the total duration of the experi-
ment was 12 weeks. The present study was carried out
at the laboratory of Hamri Co., Ltd. (Ibaraki, Japan).
The animals were maintained according to the National
Institutes of Health (NIH) Guide for Care and Use of
Laboratory Animals, and the animal experiment proto-
cols were approved by the Laboratory Animal Care
Committee of Hamri Co., Ltd. (Ibaraki, J apan).

Preparation of specimens

Urine samples from all the rats were collected over a
24 h period using metabolic cages 6, 9, and 12 weeks
after the start of the experiment, and the specimens
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were stored at —20°C. All the rats were labeled with 25
mg/kg of tetracycline (Sigma Chemical, St. Louis, MO,
USA) injected intramuscularly and 8 mg/kg of calcein
(Sigma Chemical, St. Louis, MO, USA) injected sub-
cutaneously, 9 days and 3 days, respectively, before
sacrifice. The animals were sacrificed 12 weeks after
the surgery by exsanguination under anesthesia induced
by intraperitoneal injection of 25-30 mg/kg of pento-
barbital sodium. Upon sacrifice, serum specimens were
collected from all the rats, and the right femur and right
tibia were isolated.

The serum samples were stored at —20°C. The urine
and serum samples were used for the measurements of
biochemical markers as described below. The femurs
were stored at —20°C and then used for biomechanical
testing as described below. The tibiae were processed
for bone histomorphometric analyses. The bones were
fixed in cold 40% ethanol overnight, and then cut into
three parts using an Isomet saw (Buehler, Lake Bluff,
IL, USA). The proximal tibial metaphysis and tibial
diaphysis with the fibular junction were stained with
Villanueva Osteochrome Bone Stain (Polyscience,
Warrington, PA, USA) for 5 days. The specimens were
dehydrated sequentially in ascending concentrations of
ethanol (70%, 95%, and 100%) and xylene, and then
embedded in methyl-methacrylate (EM Science,
Gibbstown, NJ, USA) at 4°C according to the method
of Erben [5]. Cross-sections of the tibial diaphysis just
proximal to the tibio-fibular junction were cut at 40 um
thickness using a diamond wire Histo-Saw machine
(Delaware Diamond Knives, Wilmington, DE, USA),
and the thickness of each cross-sectional specimen was
determined with an Inspectors’ Dial Bench Gauge (L.S.
Starrett, Athol, MA, USA). Frontal sections of the
proximal tibial metaphysis were cut at 8 um or 4 yum
thickness using a microtome (Leica RM2155; Leica Inc.,
Nussloch, Germany). The 8 pum sections were then
transferred onto chromalum-gelatin-coated slides and
dried overnight under a press at 42°C. All the sections
were coverslipped with Eukitt (Calibrated Instruments,
Hawthorne, NY, USA) for the static and dynamic
histomorphometric analyses. For tartrate-resistant acid
phosphatase (TRAP) histochemistry, the 8-um sections
of the proximal tibial metaphysis were deplasticized
with three changes of 2-methoxyethylacetate for 30 min
each, two changes of acetone for 5 min each, and se-
quential changes of ethanol (95%, 70%, and 40%),

followed by two changes of deionized water for 5 min
each for rehydration. The deplasticized and rehydrated
sections (8 um thickness) were placed in 0.1 M acetate
buffer at pH 5.0 for 5 min, and the TRAP reaction was
performed using a leukocyte acid phosphatase kit
(Sigma Chemical, St. Louis, MO, USA). Sections
stained for TRAP were counterstained with Mayer’s
hematoxylin (1 min) and then air-dried and mounted
with a plastic UV mounting medium (Polysciences Inc.,
Warrington, PA, USA). For Goldner Trichrom stain-
ing to count the osteoblast surface, adjacent 4-um
sections of the proximal tibia metaphysis were
deplasticized and rehydrated, followed by the proce-
dure of Goldner Trichrom stain and mounting with
Eukitt (Calibrated Instruments, Hawthorne, NY, USA).

Urine and serum biochemical analyses

The levels of urinary deoxypyridinoline (DPD) as a
bone resorption marker were measured by enzyme-im-
munoassay (EIA) using a Pyrilinks-D kit (Metra
Biosystems Inc., CA, USA). The serum calcium and
phosphorus levels were measured by the o-CPC and
ammonium molybdate colorimetric methods, respec-
tively, using an autoanalyzer (Dada Behring Model
RXL, Bakersfield, CA, USA). The levels of serum
osteocalcin (OC) as a bone formation marker were mea-
sured by immunoradiometric assay (IRMA) using a Rat
Osteocalcin IRMA kit (Immutopics, Inc., CA, USA).

Biomechanical testing

The mechanical properties of the diaphysis of the
femur were evaluated by the three-point bending test.
Load was applied midway between two supports placed
15 mm apart on the bone. The femur was positioned so
that the loading point was at the center of the femoral
diaphysis and bending occurred about the medial-lat-
eral axis. The specimens were tested in a saline bath at
37°C. Each specimen was submerged in the saline
bath for about 3 min before testing, to allow tempera-
ture equilibration. Load-displacement curves were
recorded at a crosshead speed of 20 mm/min using a
materials-testing machine (MZ500D; Maruto, Co., Ltd..
Tokyo, Japan). The parameters analyzed were the maxi-
mum load, stiffness, and breaking energy.

Immediately after the three-point bending test of the
right femoral diaphysis, the distal metaphysis was iso-
lated over a length of 10 mm from the joint surface of
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the femoral condyle. The mechanical properties of this
segment were then measured by the compression test.
Compressive load was applied by the rectangular paral-
lelepiped crosshead (length 2 cm, width 2 cm, and
height 1 cm) on the specimens from the lateral to the
medial aspect. The specimens were tested in a saline
bath at 37°C. Each specimen was submerged in the
saline bath for about 3 min before testing, to allow
temperature equilibration. Load-displacement curves
were recorded at a crosshead speed of 10 mm/min and
compression depth of 2.5 mm, using a materials-testing
machine (MZ500D; Maruto, Co., Ltd., Tokyo, Japan).
The parameters analyzed were the maximum load, stiff-
ness, and breaking energy.

Bone histomorphometry of the tibia

A digitizing morphometry system was used to mea-
sure the bone histomorphometric parameters of the tibial
specimens. The system consisted of an epifluorescence
microscope (Nikon E-400, OsteoMetrics, Atlanta, GA,
USA), an Osteomeasure High Resolution Color Sub-
system (OsteoMetrics, Atlanta, GA, USA), and a
digitizing pad (Numonics 2206; Numonics Corp.,
Montomerville, PA, USA) coupled to an IBM com-
puter, and a morphometry program (OsteoMetrics,
Atlanta, GA, USA). The measured parameters for can-
cellous bone included the total tissue volume (TV), bone
volume (BV), bone surface (BS), eroded surface (ES),
single- and double-labeled surfaces (sLS and dLS, re-
spectively), and osteoblast surface (ObS). These data
were used to calculate the percent cancellous bone vol-
ume (BV/TV), trabecular number (Tb N), trabecular
thickness (Tb Th), trabecular separation (Tb Sp), ES/
BS, MS/BS [(sLS/2+dLS)/BS], mineral apposition rate
(MAR), bone formation rate (BFR)/BS, BFR/BV, and
ObS/BS, in accordance with the standard nomenclature
described by Parfitt e al. [16]. In the present study,
the region of cancellous bone measured was 1-4 mm
distal to the lower margin of the growth plate in the
proximal tibia, which consists of secondary spongiosa.
Cells showing positive staining for TRAP were counted
in the region extending from the distal end of the growth
plate to 0.2 mm from the growth plate, and the number
of osteoclasts (N.Oc) and the osteoclast surface (OcS)
per BS were calculated. The measured parameters for
cortical bone were the total tissue area (Tt Ar), cortical
bone area (Ct Ar), endocortical ES, periosteal and

endocortical BS, sLS, dLS, and the interlabel width.
These data were used to calculate the marrow area (Ma
Ar), endocortical ES/BS, and periosteal and endocortical
MS/BS [(sLS/2+dLS)/BS], MAR, and BFR/BS.

Statistical analysis

All the data were expressed as means and standard
deviation (SD). Multiple comparisons of data among
the groups were performed by analysis of variance
(ANOVA) with Fisher’s protected least significant dif-
ference (PLSD) test. All statistical analyses were
performed using the Stat View J-5.0 program on a
Macintosh computer. A significance level of P<0.05
was used for all the comparisons.

Results

Changes in body weight (Table 1)

The body weight at surgery did not differ signifi-
cantly among the six groups. OVX was associated
with an increase in the body weight of the animals.
Neither RIS nor ALF affected the body weight of the
ovariectomized animals.

Biochemical markers (Table 2)

OVX increased the urinary DPD and serum OC lev-
els. RIS (at all the doses) decreased the serum
phosphorus levels with the greatest decrease by RIS
(2.5 mg/kg), while serum calcium levels were only de-
creased by RIS (2.5 mg/kg). RIS (1.0 mg/kg and 2.5
mg/kg) prevented the elevation of both the serum OC
and urinary DPD levels, however, RIS (0.1 mg/kg) only
attenuated the increase of the urinary DPD levels. A
greater decrease of the serum OC levels was observed
in the RIS (2.5 mg/kg) group than in the RIS (1.0 mg/
kg) group. On the other hand, ALF mildly prevented
the elevation of both the markers, without inducing any
significant hypercalcemia:

Bone histomorphometric analysis of the cancellous bone
of the proximal tibial metaphysis (Fig. 1 and Table 3)

The cancellous BV/TV, Tb N, and Tb Th were de-
creased, and the Tb Sp was increased, 12 weeks after
OVX, as aresult of increased bone resorption (ES/BS,
N.Oc/BS, OcS/BS) and bone formation (ObS/BS, MS/
BBS, BFR/BS, BFR/BV). RIS (at all the doses) in-
creased the BV/TV, Tb N, and decreased the Tb Sp





