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Table I. Comparison of the MMP-13 gene expression between extrinsic and
normal tendon fibroblasts six hours after cytokine stimulation

Mean (= sp) relative intensity ratio of MMP-13

mRNA/GAPDH mRNA

Extrinsic fibroblasts  Normal fibroblasts  p-value
No cytokines 2.01+048 1.00 0.010
IL-1B (10 ng/ml) 13.88 +5.84° 18.48 = 7.34° 0.005
PDGF-BB (100 ng/ml) 213+ 0.76 1.41: 049 0.005
TGF-B (10 ng/ml) 0.36 + 0.19° 0.39:0.14 0.252

* significantly different from the values without cytokine stimulation (p < 0.05)

Fig. 2c

Fig. 2d

Photomicrographs showing the local expression of IL-18 in the patellar
tendon a) two weeks and b) six weeks after freeze-thaw treatment and c)
two and d) six weeks after the sham operation (streptavidin-biotin and
haematoxylin x 100).

Discussion

Fibroblasts from an extrinsic origin repopulate the trans-
planted patellar tendon after fibroblast necrosis during the
early phase after ligament reconstruction. These extrinsic
fibroblasts remodel the graft matrix.'? IL-1, PDGF, and
TGF-B are known to regulate the synthesis and degradation
of collagen by the fibroblasts.”®* Our study was undertaken
to clarify the intrinsic response of the fibroblasts which infil-
trate the necrotic patellar tendon to IL-1B, PDGF-BB, and
TGF-B1 by assessing the gene expression of MMP-13. Our
findings showed that fibroblasts derived from the patellar
tendon six weeks after the freeze-thaw procedure had less
response to IL-1B than normal tendon fibroblasts with
respect to the regulation of MMP-13 mRNA. IL-1p was
found to be over-expressed in the extrinsic fibroblasts which
had infiltrated the necrotic patellar tendon.

Fig. 3¢ Fig. 3d

Photomicrographs showing the local expression of PDGF-BB in the
patellar tendon a) two weeks and b) six weeks after freeze-thaw treat-
ment, and ¢) two and d) six weeks after the sham operation (streptavidin-
biotin and haematoxylin x 100).

We have previously compared the characteristics of
extrinsic fibroblasts with those of normal tendon fibro-
blasts in a rabbit model.” In the present study we selected
the rat model to obtain the antibodies for imunohistology
and the probe for Northern blot analysis. Size and species
differences may have affected the reliability and validity of
this model. Our previous study in rats using the freeze-thaw
technique in sitr showed that this devitalised all the fibro-
blasts in the patellar tendon. Extrinsic fibroblasts then
entirely mmfiltrated the patellar tendon by six weeks after
freeze-thawing and they expressed more type-IIl collagen
than the fibroblasts in the normal patellar tendon.® In the
present study, for the Northern blot analysis we used cells
derived from the patellar tendon six weeks after the freeze-
thaw treatment. Immunohistological assessment showed
that no cells were seen in the deep portion of the midsub-
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Fig. 4¢ Fig. 4d

Photomicrographs showing the local expression of TGFf in the patellar
tendon a) two weeks and b) six weeks after freeze-thaw treatment and c)
two and d) six weeks after the sham operation (streptavidin-biotic and
haematoxylin x 100).

stance two weeks after freeze-thaw treatment, while cellu-
lar infiltration was observed at the superficial portion close
to the infrapatellar fat pad. Therefore, it was difficult to iso-
late extrinsic fibroblasts from the patellar tendon two
weeks after freeze-thaw trearment, but by six weeks, a
number of Aibroblasts were scattered in the tendon and we
easily obtained extrinsic fibroblasts by using our tissue-
explant technique.

With the Northern blot analysis, we evaluated the
mRNA of MMP-13 six hours after cytokine stimulation. As
shown in Figure 1b, we observed the peak of MMP-13
mRNA in response to IL-1B or PDGF stimulation six hours
after stimulation. We therefore used six hours as the time
point for evaluation of MMP-13 with Northern blot anal-
ysis.

Collagenases are MMPs which can initiate the cleavage
of collagen fibrils at neutral pH.” Three collagenases have
been described: collagenase 1 (MMP-1), collagenase 2
(MMP-8), and collagenase 3 (MMP-13).2"" MMP-1 and
MMP-13 degrade type-1 collagen fibrils with similar effi-
ciency.” Unlike in man, the rat expresses only one intersti-
tial collagenase, now named MMP-13, because it has a high
degree of homology of function and sequence (86% ) with
human MMP-13, but not with human MMP-1.'* Conse-
quently, MMP-13 is considered to be central to the process
of collagen degradation and matrix breakdown in the rat.
The present study demonstrated that 1L-1B induced the
gene expression of MMP-13 in extrinsic fibroblasts which
were derived from the devitalised patellar tendon as well as
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in normal rendon fibroblasts. It is thought that tendon cells
would express receptors and respond to IL-1 in an initial
‘molecular inflammation’ cascade, the connective tissue-cell
expression of cytokines which induce matrix-destructive
enzymes.®'? For example, Tuszaki et al'? reported that IL-
1B stimulated the MMP-1, -3, and -13 gene expression of
normal human tendon cells. Their findings were consistent
with those of our present study. Therefore, interstitial col-
lagenases could be induced by IL-1 expressed by the fibro-
blasts infiltrating the grafted tendon, and such collagenases
could then destroy the matrix of the graft during the
remodelling of the grafted tendon. A previous study has
shown thar the expression of mRNA for collagenase in cul-
tured fibroblasts from hypertrophic scars after skin wounds
was lower than that from normal dermis."* Another found
that no change in MMP-1 or MMP-3 could be shown with
stimulation by IL-6 in hypertrophic scar fibroblasts,
although mRNA and protein for MMP-1 and MMP-3 were
increased by IL-6 in normal skin fibroblasts.'® We have pre-
viously shown that extrinsic fibroblasts are phenotypically
different from normal tendon fibroblasts in terms of prolif-
eration, migration abilities and expression of integrin.” In
the present study, we found that extrinsic fibroblasts were
less stimulated by IL-1B than normal tendon fibroblasts in
terms of the induction of interstitial collagenase mRNA.
Our study has shown over-expression of [L-1pB in the ten-
don graft model, although several other authors have
reported that 1L-1B was over-expressed in the surrounding
tissues of tendons with tendonitis.'®"? It is recognised that
the level of IL-1p released by neutrophils begins to rise rap-
idly after wounding and reaches a peak after several hours,
suggesting that IL-1P plays an important role in the com-
mencement of inflammation.”*?" However, Kondo and
Ohshima®? observed a second increase in IL-1B at the pro-
liferative stage after wounding in the rat skin, with migra-
tion of fibroblasts and the formation of new granulation
tissue. We found that the extrinsic fibroblasts which were
infilerating the patellar tendon continued to over-express
IL-1P for at least six weeks after necrosis of the intrinsic
fibroblasts. These experimental findings indicated that IL-1B
had another function with a close relationship to matrix
remodelling, in addition to the commencement of inflam-
mation during the process of tissue healing.

IL-1is a polypeptide which is produced by macrophages,
fibroblasts and neutrophils as a response to infection,
injury, or antigenic challenges.”® After trauma, IL-1B is ini-
tially produced by activated macrophages and plays an
important role in the initiation of the inflammartory
response. It has a close relationship to wound remodelling
as well as inflammation.?? In general, stimulation of 1L-1
increases its synthesis in the autocrine and paracrine fash-
ion and decreases the expression of [L-1 receptor.”! Based
on these findings in previous studies and the results of the
present investigation, we suggest the following mechanism
of the cellular response to graft integration with a cytokine/
cellular control cascade for extrinsic fibroblasts during the
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remodelling of the tendon after fibroblast necrosis. First,
IL-1B is produced by macrophages, fibroblasts, and neutro-
phils surrounding the patellar tendon as a response to the
invasive effects of the surgical procedure. Then the secreted
IL-1P stimulates the production of collagenase by extrinsic
fibroblasts during the infiltration of fibroblasts into the ten-
don after necrosis of the intrinsic cells. The secreted 1L-1
from extrinsic fibroblasts also stimulates the production of
IL-1B by the extrinsic fibroblasts themselves in the auto-
crine and paracrine fashion. IL-1B may reduce IL-1 recep-
tor expression, resulting in the decrease of the
responsiveness of extrinsic fibroblasts to IL-1B during the
infiltration of extrinsic fibroblasts into the necrotic partellar
tendon. Further study should be conducted to verify this
hypothesis.

A few limitations are apparent in our study. First, we
obtained infiltrative fibroblasts from the partellar tendon
after a freeze-thaw treatment which had killed the intrinsic
fibroblasts. However, this treatment is not identical to the
conditions at tendon grafting and hence the cellular charac-
teristics of infiltrative fibroblasts obtained in the current
study may not have corresponded completely to those of
fibroblasts in a grafted tendon. Secondly, we evaluated the
cellular characteristics at approximately three weeks after
harvesting of the patellar tendon. Although we performed
only a third passage in the present study because serial pas-
saging diminishes the differences in the phenotypical char-
acteristics of fibroblasts, some cellular characteristics may
have changed during the three weeks of culture. Previous
studies have shown that the differences in the characteris-
tics of different fibroblasts become insignificant with the
serial passaging of the cells.>*® Therefore, the difference in
the cellular response to cytokines between extrinsic and
normal tendon fibroblasts may have been underestimared
in this study. However, many investigators have used the
cultured tendon fibroblasts from the third passage or
more,”* "% and we believe that our usage of cultured fibro-
blasts from the third passage is acceptable. Thirdly, we
starved the fibroblasts of serum in the culture medium. This
may have affected their differentiation, although the mor-
phological appearances of cells before cytokine stimulation
were similar to those before FBS starvation in the present
experiments. In the present study we did not apply FBS 24
hours before cytokine stimulation because the existence of
cytokines in FBS probably affected the response to addi-
tional cytokine stimulation. Based on previous studies,””!
the mean concentration of IL-1p, PDGF and TGF-B1 in
human serum is approximately 2 pg/ml, 2 ng/ml and 40 ng/ml,
respectively. Therefore the amounts of PDGF and TGF-B1 in
FBS are not considered to be negligible compared with the
amounts which we applied as cytokine stimulation. The
fourth limitation is that we compared the response of
extrinsic fibroblasts to cytokine stimulation in terms of
MMP-13 under the condition which we had observed to
have the most significant effect on cytokine stimulation of
gene expression of extrinsic cells in the time-course and the
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dose-dependency experiments. We had no such information
concerning the effect on gene expression in normal tendon
fibroblasts. There is therefore, a possibility that we have
overestimated the response of the extrinsic fibroblasts to
cytokine stimulation in terms of MMP-13 mRNA com-
pared with that of normal fibroblasts. In spite of this, we
observed less response of the extrinsic fibroblasts to IL-1p
stimulation in terms of MMP-13 mRNA than in normal
tendon fibroblasts.

An anti-IL-1p strategy has attracted interest as a clinical
treatment for inflammatory diseases such as a rheumatoid
arthritis.’” The findings of our study indicarte that IL-1pB is
significantly involved in the remodelling of the grafted ten-
don after reconstruction of the ligament. Inhibition of IL- 18
may prevent degradation of the graft and our study high-
lights a possible application of anti-IL-1B strategy for
reducing the mechanical deterioration of grafted tendons
after ligament reconstruction.

No benefits in any form have been received or will be received from a commer-
cial party related directly or indirectly to the subject of this article.
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KEYWORDS Summary Previous studies have demonstrated that mice deficient in the macrophage migra-
tion inhibitory factor (MIF) gene are protected from ovariectomy (OVX)-induced bone loss.
We developed a novel MIF-deoxyribonucleic acid (DNA) vaccine by introducing oligonucleotides
encoding a helper T epitope into the cDNA sequence of murine MIF. Mice given the MIF-DNA vac-
cine produced high titers of autoantibody against MIF, and were protected from OVX-induced
bone loss. Our results further support the hypothesis that MIF is involved in the pathomecha-
nism of OVX-induced bone loss, and also show that active immunization against MIF using a DNA
vaccine may be useful for the prophylactic treatment of postmenopausal osteoporosis.

© 2007 Elsevier Ltd. All rights reserved.
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Introduction

Postmenopausal osteoporosis is one of the major health
problems that affect elderly women in developed countries.
Estrogen deficiency increases bone turnover, which leads
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istry of Science and Education of Japan (17591542).

* Corresponding author. Tel.: +81 11 706 7211; to enhanced bone resorption and an increased risk of frac-
fax: +81 11 706 7822. ture [1]. There is now a large body of evidence suggesting
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menopause increases the production of proinflammatory
cytokines such as interleukin (IL)-1, IL-6, and tumor necro-
sis factor (TNF)-a [2—5]. These proinflammatory cytokines
appear to enhance osteoclast formation and to activate
mature osteoclasts, which increases bone resorption [6,7].
In addition, animal models have shown that the deficiency
or functional block of one of these cytokines can prevent
the bone loss induced by ovariectomy (OVX) [8].

Macrophage Migration Inhibitory Factor (MIF) was ini-
tially identified as a soluble factor that was secreted into
the culture medium by activated T cells [9,10]. After the
MIF cDNA was cloned [11], the novel biological functions of
MIF were reported. MIF is a proinflammatory cytokine and
glucocorticoid-induced immunomeodulator that is released
in response to a variety of inflammatory stimuli [12—14].
An emerging body of data indicates that MIF acts within
cytokine cascades to control the ‘set point’ and magnitude
of the immune and inflammatory response [15]

The bone loss that follows estrogen deficiency may be
because estrogen normally suppresses the production of
inflammatory cytokines at the transcriptional level. Upon
gonadal dysfunction such as menopause, this suppressive
effect is lifted and the resulting enhanced production
of inflammatory cytokines then leads to elevated bone
resorption. Recently, a link between MIF and estrogen
emerged. It was reported that MIF is up-regulated in the
wound-healing process of estrogen-deficient mice, and that
estrogen decreases MIF production by murine macrophages
[16]. Moreover, estrogen suppresses the transcription of MIF
[17]. These observations suggest that MIF may be involved in
the pathomechanism of bone loss arising from estrogen defi-
ciency. Indeed, it could be a key player in this mechanism
since MIF is believed to be an upstream regulator that con-
trols the production of inflammatory cytokines such as TNF-«
and IL-1 that are considered to play pivotal roles in estrogen
deficiency-induced bone loss. Supporting this notion is our
recent study showing that mice deficient in the MIF gene (MIF
KO) were protected from OVX-induced trabecular bone loss
[18]. This observation strongly suggests that MIF is located
well upstream in the inflammatory cytokine cascade that
participates in OVX-induced bone loss.

Several approaches that aim to suppress the bioactivity of
cytokines involved in bone resorption have been reported.
The target cytokines for these experimental trials include
IL-1, TNF-a, IL-6, and receptor activator of nuclear factor
kappa-p ligand (RANKL) [19—22]. However, attempts to pre-
vent OVX-induced bone loss by suppressing MIF bioactivity
have not been reported. Recently, we developed a novel
DNA vaccine that elicits an autoantibody against MIF and
suppresses the incidence and severity of arthritis in two
murine experimental models of arthritis [23]. The purpose
of the study reported here was to investigate whether this
novel approach targeting MIF could also be used to suppress
OVX-induced bone loss.

Materials and methods

Animals

Female BALB/c mice (3 weeks old) were purchased from
Sankyo Laboratory Service (Shizuoka, Japan). All mice were
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Figure 1 (A) Design of a DNA construct that expresses a

mMIF variant whose second loop bears a promiscuous Ty epi-
tope from TTX. To generate this construct, mMIF cDNA was
cloned into the mammalian expression vector pCAGGS, after
which the 2nd loop region of MIF cDNA was substituted with
the Ty epitope. (B) Immunization with the Ty-modified MIF-
DNA vaccine elicits autoantibodies that cross-react with native
mMIF. Anti-mMIF titers in sera from groups of 5 mice vacci-
nated with 25 ug of endotoxin-free pCAGGS (control vaccine
[CV]) and MIF/TTX in 0.9% sterile saline. The results shown are
means + SD. "p<0.005, “p<0.0001 vs. CV at the same time-
point.

maintained under specific pathogen-free conditions. All
animal procedures were conducted using a protocol that
followed the guidelines and was approved by the Hokkaido
University Institutional Animal Care and Use Committee.
Bilateral OVX or sham surgeries were performed under anes-
thesia. Four weeks after surgery, all mice were sacrificed by
means of an overdose of anesthesia.

Construction of the MIF/TTX expression plasmid

murine MIF (mMIF) cDNA was cloned into the mammalian
expression vector pCAGGS [24]. We sought to generate an
immunologically active MIF antigen by replacing the sec-
ond loop region of MIF with a TTX Ty epitope. To do this,
the cDNA region that encodes the second loop of mMIF
(amino acids 32—37; GKPAQY) was deleted from the MIF
cDNA and substituted with an EcoRl site by standard PCR-
based technigues. cDNA encoding the TTX P30 Ty epitope
(FNNFTVSFWLRVPKVSASHL [25]) with an EcoRl site at both
termini was obtained by hybridization of partially overlap-
ping oligo DNAs (sense, ggaattcaacaacttcaccgtgagcttctggct-
gcgegtgeccaa and anti-sense, ggaattccaggtggctggegetcac-
cttgggcacgcgeagecaga) and subsequent polymerization with
Klenow’s DNA polymerase fragment. After digestion with
EcoRl, the P30 cDNA was inserted into the EcoRl site of the
MIF expression plasmid (Fig. 1A) and a clone bearing the
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correctly oriented insert was selected. The MIF/TTX plas-
mid DNA was then purified by alkaline lysis followed by
two rounds of CsCl density gradient ultracentrifugation. This
preparation was used for animal vaccination.

Intramuscular DNA injection and electroporation

Gene transfer into muscle by electroporation was performed
essentially as described previously [26]. Four-week-old mice
were anesthetized with ether and shaved around their hind
legs, after which a pair of electrode needles (5 mm gap and
0.5mm diameter, NEPA GENE, Chiba, Japan) was inserted
into an anterior tibial muscle. The DNA vaccine (25 pg/25 ul,
0.9% saline) was then injected into the portion of the leg
between the needles. This was followed by three electric
pulses of 50V and 50msec that were applied by using an
electric pulse generation system (T820 and Optimizer 500,
BTX, San Diego, CA) and were followed by another three
pulses with inverted polarity. The other tibial muscle was
then also injected and electroporated. As a result, each
mouse received 50 p.g of the naked plasmid.

Evaluation of anti-MIF Ab titers in the sera of
DNA-vaccinated mice

Anti-MIF titers in the plasma were determined by a direct
enzyme-linked immunosorbent assay (ELISA). Briefly, indi-
vidual plasmas from vaccinated mice were collected from
the tail vein and diluted with 0.1% bovine serum albu-
min/PB5/0.05% Tween 20. Small aliquots of 1:200 diluted
plasma were placed in 96 well flat-bottom plates precoated
with recombinant mMIF. The serum anti-MIF antibodies
that reacted with the precoated MIF were detected by
HRP-conjugated goat anti-mouse antibody and color devel-
opment with a substrate reagent (Techne, Minneapolis, MN).

Microcomputed Tomography (pCT)

The right femora of each animal was fixed in 10% formalde-
hyde after removing the soft tissues and analyzed by a uCT
system (ScanXmate-A090S, Comscan Techno Corporation,
Tokyo, Japan). The two-dimensional image of the trabec-
ular bone was quantified as follows. Axial bone slices with
a thickness of 8.76 um were made in the area that is 10%
proximal to the distal growth plate of the femora. The mean
volume (bone volume/tissue volume; BV/TV), thickness (tra-
becular thickness; Tb.Th), and separation of the trabecular
bone (trabecular separation; Tb.Sp) in the slices were quan-
tified by an image analyzer (Luzex-F, Nireco, Tokyo, Japan).

Histomorphometric analysis of bone

For histological analysis, serial 5um sections of proximal
tibiae were made and stained with toluidine blue. For bone
histomorphometric analysis, mice were injected subcuta-
neously with 8 mg/kg body weight of calcein 4 and 1 days
before sacrifice. The right tibia of each mouse was then
fixed with 70% ethanol, embedded in methyl methacry-
late (MMA) without decalcification, and serially sectioned
(5 um) by using a microtome. The sections were then stained

by Villanueva-Goldner's trichrome method, which discrim-
inates between mineralized and unmineralized bone. The
sections were also stained for identification of cellular com-
ponents. The stained bone sections were analyzed by using
an image analyzer (System Supply Co., Nagano, Japan). The
measurements were performed in an area that was 1.2 mm
in length and located 0.3 mm below the growth plate at
the proximal metaphysis of the tibiae. Histomorphometry
was conducted as previously defined [27). The parame-
ters that were measured were the bone volume per tissue
volume (BV/TV, %), the trabecular thickness (Tb.Th, um),
the trabecular number (Tb.N, mm™'), the trabecular sep-
aration (Tb.Sp, wm), the osteoid volume per bone volume
(OV/BY, %), the osteoid surface per bone surface (0S/BS,
%), the osteoblast surface per bone surface (Ob.S/BS, %),
the eroded surface per bone surface (ES/BS, %), the num-
ber of osteoclasts per the bone perimeter (N.Oc/B.Pm, per
100mm), the osteoclast surface per bone surface (Oc.5/BS,
%), the mineral apposition rate (MAR, day '), the miner-
alized surface per bone surface (MS/BS, %), and the bone
formation rate per bone surface (BFR/BS, mm?/cm?/y).
The data were evaluated for statistical significance by
one-way ANOVA using Fisher’s test as a post hoc test. A p
value of < 0.05 was considered to be statistically significant.

Results

BALB/c mice vaccinated with MIF/TTX generate
anti-MIF Abs

As shown in Fig. 1A, we generated a DNA vaccine that
expresses a mMIF variant whose second loop bears a promis-
cuous Ty epitope from TTX. Initially, we tested whether this
DNA vaccine could induce a polyclonal antibody response
that recognized native MIF. Thus, both tibial muscles of
BALB/c mice (five mice per group) were each vaccinated
once intramuscularly with 25 ug of MIF/TTX or control vec-
tor (CV) DNA in 0.9% saline by electroporation. Thus, each
mouse received 50 ug of vaccine. Four weeks after vaccina-
tion, the MIF/TTX-vaccinated mice had autoantibodies that
reacted to native MIF (Fig. 1B) whereas the CV failed to
raise such MIF-reactive antibodies. These differences were
statistically significant (MIF/TTX vs. pCAGGS: p<0.005 at 4
weeks, and p < 0.0001 at 6 and 8 weeks). Thus, incorporating
the TTX Ty epitope bypasses the immunological tolerance of
mice to the MIF self-protein.

Trabecular bone loss in the distal femur

We then injected groups of 22BALB/c mice with MIF/TTX
and 21BALB/c mice with CV DNA, and 4 weeks later sub-
jected them to bilateral OVX or sham surgery. Four weeks
later, all mice were sacrificed and their distal trabecular
femoral bones were examined by wCT for an OVX-associated
reduction in volume (BV/TV), thickness, and separation of
trabecular bone, as follows. This analysis revealed that OVX
had similar effects on CV-administered mice as on normal
female BALB/c mice, as shown by our previous study [18].
In other words, the femoral bones of OVX CV mice showed a
significant decrease in trabecular bone compared to sham-
operated CV mice (Fig. 2A, B). In contrast, the bones of
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Figure 2 pCT analysis of the right femora of mice 4 weeks after OVX or sham operation. (A) CV-vaccinated and sham-operated
mice. (B) CV-vaccinated and ovariectomized mice. (C) MIF/TTX-vaccinated and sham-operated mice. (D) MIF/TTX-vaccinated and
ovariectomized mice. Axial femur bone slices were made as described in the ""Materials and Methods’’. The slices that are 10%
proximal to the distal growth plate of the femora are shown.
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Figure 3  Quantification of the two-dimensional wCT-based values. (A-C) MIF/TTX-vaccinated mice were protected from the OVX-
induced reductions in BV/TV (A), decreases in trabecular thickness (B), and increases in trabecular separation (C) that were observed
in CV-vaccinated mice. The values shown are means + 5D. n=10-11in all groups; p<0.05, *p<0.01, "'p <0.005 vs. OVX CV animals.
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Figure 4 Toluidine blue staining of the tibiae of mice 4 weeks after OVX or sham operation. (A) CV-vaccinated and sham-operated
mice. (B) CV-vaccinated and ovariectomized mice. (C) MIF/TTX-vaccinated and sham-operated mice. (D) MIF/TTX-vaccinated and

ovariectomized mice.

MIF/TTX-administered mice were unchanged by OVX (Fig. 2C
and D). When the two-dimensional pnCT-based values were
quantified, the BV/TV values of the sham-operated CV-
and MIF/TTX-administered mice were similar. Relative to
these values, OVX significantly reduced the BV/TV of CV-
administered mice (p<0.05, Fig. 3A). The OVX CV- and
MIF/TTX-administered mice showed a significant difference
in their BV/TV (p<0.05, Fig. 3A). Compared with sham-
operated CV-administered mice, OVX also decreased the
trabecular thickness (p<0.005, Fig. 3B) and increased the

trabecular separation (p<0.01, Fig. 3C) in CV-administered
mice. However, the MIF/TTX vaccine protected the mice
from these OVX-associated changes (Fig. 3).

Bone histomorphometry in OVX CV- or
MIF/TTX-treated mice

Histological observation revealed that, relative to sham-
operated animals, OVX reduced the cancellous bone volume

Table 1 Proximal tibial bone histomorphometric dynamic parameters in CV- and MIF/TTX-treated mice with or without OVX
Bone parameters CV-Sham CV-0vX MIF/TTX-Sham MIF/TTX-0VX
Static parameters
BV/TV (%) 6.30 4+ 1.26 4.14 + 1.55 6.45 + 1.87 5.99 + 2.40
Tb.Th (nm) 28.3 + 1.46 26.7 £ 4.16 30.7 + 5.09 29.1 + 5.01
Tb.N (mm ") 2.22 +0.38* 1.54 + 0.56 2.07 + 0.38 1.95 + 0.36
Tb.Sp (nm) 433 4+ 73.12 724 + 358 466 + 93.7 499 + 105
Formation parameters
OV/BV (%) 0.43 + 0.30° 2.04 + 1,55 0.59 + 0.572 0.68 + 0.18*
0S/BS (%) 5.00 + 2.192 10.8 + 6.53 4.85 £ 2.677 5.16 + 1.49°
Ob.S/BS (%) 12.9 + 5.47 19.7 + 7.97 10.7 + 2.74% 11.4 £ 2.48°
Resorption parameters
ES/BS (pum) 2.80 + 1.38 3.77 £ 1.78 2.45 4+ 1.09 2,77 £ 1.21
N.Oc/B.Pm (per 100 mm) 244 + 86.22 336 + 62.9 181 + 28.14 182 + 34.0¢
0Oc.S/BS (%) 2.68 + 1,08° 5.68 + 1.48 2.14 + 0.44° 1.87 + 0.39°
MAR (day ') 1.17 + 0.42° 1.75 + 0.45 1.01 + 0.19¢ 1.09 + 0.15°
MS/BS (%) 14.1 + 3,59 15:5 & 212 12.9 + 3.50 17.7 £ 2.3
BFR/BS (mm?/cm?/y) 2.67 £ 1,52 3.60 + 1.87 1.51 £ 0.712 2.70 £ 1,740

Values are shown as mean + SD (n=5 per group) vs. CV-OVX; ?p <0.05, p <0.01, ©p <0.005, %p <0.001, ®p < 0.0001. vs. MIF/TTX-Sham;

'p<0.05.
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in the proximal region of the tibiae in CV-administered
mice (Fig. 4A and B) but not in MIF/TTX-administered mice
(Fig. 4C and D). These bone dynamics were confirmed by
bone histomorphometry (Table 1), which showed that in
CV-administered mice, OVX elevated the bone formation
parameters OV/BV and 0S/BS (p < 0.01 and p < 0.05, respec-
tively) and the bone resorption parameters N.Oc/B.Pm and
0c.S/BS (p<0.05 and p=0.0001, respectively), similar to
what we have observed in normal female BALB/c mice
[18]. However, the MIF/TTX-administered mice were resis-
tant to these effects of OVX and showed significantly lower
OV/BV, 0S/BS, Ob.S/BS, N.Oc/B.Pm and Oc.S/BS values
after OVX than CV-administered mice (p<0.05, p<0.05,
p<0.05, p<0.001, and p < 0.0001, respectively).

Discussion

In this study, we demonstrated that OVX-induced bone loss
can be effectively suppressed by our novel approach, i.e.,
active immunization against MIF using a DNA vaccine, It
is widely accepted that after menopause, the depletion
of estrogen causes high bone turnover that changes the
bone metabolic balance to one dominated by resorption,
which results in osteoporosis [28,29]. Indeed, our histo-
morphometric analyses of the tibiae of CV-administered
mice revealed that their OVX-induced bone loss was asso-
ciated with increased osteoclastic bone resorption. In
contrast, the resistance of MIF/TTX-administered mice to
bone loss after OVX was associated with lower levels of
osteoclastic bone resorption (N.Oc/B.Pm and Oc.S/BS) val-
ues.

Estrogen deficiency after OVX causes the enhanced pro-
duction of bone-resorbing cytokines such as IL-1 and TNF-«
by circulating monocytes [4-7]. Although circulating lev-
els of MIF are also rapidly enhanced by OVX, our recent
study suggests that MIF does not directly up-regulate RANKL
mRNA expression or induce osteoclastogenesis [30]. Instead,
as suggested by several lines of evidence, it seems that MIF is
located upstream of these bone-resorbing cytokines, where
it regulates their production. Indeed, in vitro and in vivo
studies have shown that MIF can induce and regulate the
production of TNF and IL-1 [14,31—34]. An emerging body of
data now indicates that MIF acts within the cytokine cascade
to control the 'set point” and magnitude of the immune and
inflammatory response [15]. Therefore, we speculate that
the enhanced production of bone-resorbing cytokines after
OVX is due, at least in part, to the rapid increase in serum
MIF. While the types of cells that produce MIF after OVX
have not yet been clearly identified, it is possible that they
may include T cells, whose involvement in the pathomecha-
nism of OVX-induced bone loss has been elucidated recently.
Weitsmann et al. have proposed that the enhancement of T
cell-derived TNF-a levels following OVX is the key to OVX-
induced bone loss, and that IL-7 plays a pivotal role in this
event as an upstream regulator of TNF [35,36]. It is possible
that MIF, which was originally identified as a T cell-derived
cytokine, plays an important role in the intercellular events
that take place and include T cells after OVX. It is also pos-
sible that IL-7 and MIF may interact in some way, and that
this interaction is activated by OVX. Further investigations
are necessary to test these possibilities.

Currently marketed osteoporosis therapies, which
include the use of bisphosphonates and selective estrogen
modulators, are efficacious but inconvenient for the patient
because they must be administered frequently. Each drug
is also associated with a risk of adverse side effects.
To suppress the cytokines involved in OVX-induced bone
loss, several anti-cytokine approaches using recombinant
proteins such as IL-1Ra, soluble TNF receptor, and osteo-
protegerin (OPG) (a soluble decoy receptor of RANKL) have
been tested [19,20,22]. Indeed, a genetically engineered
OPG-Fc fusion protein has already been subjected to clinical
trials and has proven efficient in reducing bone turnover
in postmenopausal women [37]. However, the routine use
of OPG is limited by its high cost and the expected need
to frequently administer the drug. Several trials seeking
to suppress the bioactivities of the bone loss-inducing
cytokines by injecting neutralizing antibodies have also
been reported. In the murine OVX model, administration of
anti-IL-6 antibody did not prevent OVX-induced bone loss,
although the anti-IL-11 antibody was effective [21,38].
However, these passive immunization therapies are not only
hampered by high costs, but it remains possible that these
molecules can also induce immunogenic antibody—antibody
responses that could limit the long-term efficacy of these
treatments. This latter problem may be overcome by
actively inducing specific antibodies in the host against the
target cytokine. Indeed, this approach has been utilized in
experimental trials aiming to raise antibodies against RANKL
[39,40]. The MIF-DNA vaccine we used in this study, which
was originally developed to suppress inflammatory diseases,
has previously exhibited a siginificant prophylactic effect
against experimental arthritis [23]. We hypothesized that
this vaccine could also be used to suppress OVX-induced
bone loss on the basis of two experimental findings. First,
the MIF-DNA vaccine efficiently elicits autoantibodies that
react to MIF [23], and second, mice that lack the MIF
gene are protected against OVX-induced bone loss [18].
Indeed, we showed in this study that blocking MIF promotes
resistance to OVX-induced bone loss, which is additional
evidence that this cytokine plays an important role in the
pathomechanism of OVX-induced bone loss. However, it
remains unclear whether MIF, relative to other cytokines, is
indeed superior as the target molecule for the treatment
of postmenopausal osteoporosis. This question can only be
answered when we understand in more detail how MIF is
involved in OVX-induced bone loss.

Concerning the predicted problems that might arise from
continuous suppression of MIF bioactivity, it should be noted
that the presence of autoantibody against cytokines is not
necessarily harmful. Indeed, it could be protective against
diseases, as exemplified by the finding of Jouvenne et al.,
who reported that the titer of autoantibodies to IL-1a corre-
lated negatively with the disease severity of chronic arthritis
[41]. Moreover, previous reports of active immunization
against cytokines have revealed that the autoantibody titer
tends to gradually decrease over time. Thus, it is unlikely
that a single administration of such a vaccine is irreversible
[42]. Rather, to acquire and maintain high autoantibody
titers, it may be necessary to provide booster injections
or re-vaccination [43]. Notably, we did not detect elevated
mortality or delayed wound healing in mice given the MIF-
TTX DNA vaccine (unpublished observations), though further
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detailed investigations are necessary to confirm these obser-
vations.

In summary, in this study we provided further evidence
of the pivotal role MIF plays in the pathogenesis of estro-
gen deficiency-induced bone loss. We also presented a novel
therapeutic approach for this disease. Our observations
suggest that MIF may be a candidate target for a novel
osteoporosis therapeutic approach.
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Abstract: The fracture of Ni-Ti superelastic alloy has been
investigated by a sustained tensile-loading test in physio-
logical saline solution containing hydrogen peroxide (0.15M
NaCl + 0.3M H,0,). The fracture always occurs when the
applied stress exceeds the critical stress for martensite trans-
formation. In contrast, under a low applied stress, the frac-
ture does not always occur within 1000 h. The fracture is
probably mainly caused by localized corrosion associated
with the preferential dissolution of nickel ions. In 0.3M H,0,

solution without NaCl, the fracture does not occur even
under a high applied stress. The results of the present study
imply that one reason for the fracture of the Ni-Ti super-
elastic alloy in vivo is localized corrosion due to the syner-
gistic effects of hydrogen peroxide and sodium chloride
under applied stress. © 2007 Wiley Periodicals, Inc. ] Biomed
Mater Res 82A: 558-567, 2007

Key words: Ni-Ti; fracture; corrosion; hydrogen peroxide

INTRODUCTION

Ni-Ti superelastic alloy is widely used in biomedi-
cal applications and is a promising new implant
material,' ™ not only because of its unique superelas-
tic property but also its good ductility, fatigue life,
and wear resistance.” Furthermore, the alloy exhibits
good corrosion resistance in vitro, such as in physio-
logical saline and simulated body fluids.”"" In vive,
however, the fracture of devices made of the alloy
such as stents is frequently observed after implanta-
tion."*'” The in vivo fracture of the alloy is very com-
plicated because of the interaction of several factors
including corrosion, fatigue, fretting fatigue, wear
and overload. Thus, the cause of the fracture must
be determined to improve the reliability and safety of
Ni-Ti superelastic alloy.

To simulate in wive conditions, aqueous solu-
tions containing hydrogen peroxide are sometimes
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Sports, Science and Technology, Japan; contract grant
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used.'™?* Hydrogen peroxide generated by an in-
flammatory response is considered to affect the corro-
sion behavior, surface conditions, or dissolution of
ions of titanium and its alloys or Ni-Ti superelastic
alloy.'™* However, there are no reports on corro-
sion due to hydrogen peroxide leading to fracture or
the pronounced degradation of mechanical proper-
ties. If Ni-Ti superelastic alloy fractures associated
with corrosion take place due to hydrogen peroxide,
this is the first observation of such a process and the
fracture may occur in vivo.

The corrosion behavior of Ni-Ti superelastic alloy
has been investigated without applied stress in most
cases.””'" On the other hand, we have demonstrated
that when the applied stress exceeds the critical
stress for martensite transformation, that is, the start-
ing stress of the deformation because of the stress
induction of B19" martensite from the B2 parent
phase,” general or localized corrosion is enhanced
markedly in fluoride solutions® and sodium hypo-
chlorite  solutions,” eventually causing fracture.
Hence, the applied stress possibly causes Ni-Ti super-
elastic alloy to fracture in the presence of hydrogen
peroxide.

The objective of the present study is to investigate
the fracture of sustained tensile-loaded Ni-Ti super-
elastic alloy in physiological saline solution contain-
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TABLE 1
Mechanical Properties and Transformation Temperatures of Tested Ni-Ti Superelastic Alloy

Critical Stress (MPa) Tensile Strength (MPa)

Transformation Temperature ( C)

Reduction in Area (%) A A, M, M;

542 * 18.8 1255 + 15

56.5

10.0 -28.0 1.0 40.5

ing hydrogen peroxide. The findings will be helpful
for the evaluation of the service life of improved
Ni-Ti superelastic alloy in the future.

EXPERIMENTAL

Materials

Commercial Ni-Ti (Ni: 55 mass”, Ti: balance) superelas-
tic alloy wires with a diameter of 0.50 mm were cut into
150-mm-long specimens. The specimens were carefully
ground with 600-grit SiC paper and ultrasonically cleaned
with acetone for 5 min. The phase transformation tem-
peratures and mechanical properties of the specimens are
listed in Table I. The phase transformation temperature of
the specimens was determined by differential scanning
calorimetry (DSC) according to the conventional method.*®
Prior to the DSC test, the specimens were maintained at
100'C. After reaching thermal equilibrium, the specimens
were cooled to ~50 C at a scan rate of 10 C/min. The
same rate was used in heating the specimens to 100°C.
Here, M, and M; indicate the start and finish temperatures
for martensite transformation, respectively, on cooling.
Similarly, A, and A; indicate the start and finish tempera-
tures, respectively, for reverse transformation on heating.
From stress—strain curves obtained by the tensile test, the
critical stress for martensite transformation and the tensile
strength were 542 and 1255 MPa, respectively. The tensile-
test data were measured at room temperature [(25 * 2) C]
using an Instron machine at a strain rate of 8.33 x 10°°
s '. The standard deviation was calculated from the
results of more than five specimens.

Sustained tensile-loading test

A sustained tensile-loading test was carried out at room
temperature with specimens 50-mm in length immersed in
50 mL of test solution. Applied stress was calculated as
the ratio of the applied constant load to the initial cross-
sectional area and was varied to determine fracture life
characteristics, that is, time to facture versus applied stress.
The test solution used was physiological saline solution
containing hydrogen peroxide (0.15M NaCl + 0.3M H,0;)
with pH of 5.5-6.0. Although this variation in pH seems to
be difficult to avoid under aerated conditions, the effects
of this variation in pH on the present experimental results
were not detected. To prevent the light-assisted photode-
composition of hydrogen peroxide, the vessel of the test
solution was covered with aluminum foil. Under the pres-

ent experimental conditions, however, the concentration of
hydrogen peroxide probably decreases with increasing
immersion time. Hence, experimental results for long-term
immersion should be discussed with caution. Immediately
after fracture, the specimens were taken from the solution,
cleaned with acetone, and dried in ambient air. The test
was terminated when no fracture occurred after more than
1000 h. Fractography was performed by scanning electron
microscopy (SEM). The area of the fracture surface associ-
ated with localized corrosion was measured from SEM
images.

Corrosion test

The corrosion potential of the specimens with or with-
out applied stress was measured at room temperature in
the test solution under aerated conditions. The counter
electrode and reference electrode used were a platinum
electrode and a saturated calomel electrode (SCE), respec-
tively. The measurement was started 10 s after immersion
in the test solution. The amounts of nickel and titanium
ions dissolved in the test solution during immersion tests
without the applied stress were analyzed by inductively
coupled plasma (ICP) spectroscopy. Standard deviation
was calculated from the results of 3-5 specimens.

Surface analysis

The morphology of the side surface of the immersed
specimens was examined by SEM. A surface chemical
analysis of the immersed specimens without the applied
stress for 24 h was performed by X-ray photoelectron spec-
troscopy (XPS) with Mg K, radiation at 10 kV and 10 mA
or Auger electron spectroscopy (AES) with a 30 takeoff
angle and a 10 kV accelerating electron beam. The elemen-
tal depth profile of the surface layer on the specimens was
determined by sputtering the layer using a scanning argon
ion gun in AES. Argon ions were accelerated at an energy
of 2 kV and a current of 30 mA, resulting in a sputtering
rate of 15.4 nm/min calibrated for SiO,. Oxide thickness
was estimated from sputtering time for the oxygen peak to
reach half its maximum concentration. This method, how-
ever, possibly overestimates the thickness of oxide on
Ni-Ti alloy because of the higher density of Si0,.%

RESULTS

The sustained tensile-loading test results are plot-
ted in Figure 1 in terms of the time to fracture as a
function of applied stress in physiological saline so-
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Figure 1. Time to fracture versus initial applied stress for

Ni-Ti superelastic alloy immersed in physiological saline
solution containing hydrogen peroxide.

lution containing hydrogen peroxide. The arrows in
the figure denote data for nonfractured specimens at
the indicated elapsed time, When the applied stress
exceeded the critical stress for martensite transfor-
mation (542 MPa), fracture always occurred. In this
stress range, the time to fracture was shorter than
~100 h and tended to decrease with increasing
applied stress. Under an applied stress below
450 MPa, the alloy either fractured or did not frac-
ture within 1000 h; the time to fracture tended to be
longer than that above the critical stress for martens-
ite transformation. In 0.3M H,0, solution without
NaCl, Ni-Ti superelastic alloy did not fracture within
1000 h even under an applied stress of 1050 MPa.
No crevice corrosion resulted at the point of contact
with the vessel in this experiment.

Figures 2(a—f) show fractographic features of the
specimens that fractured in physiological saline solu-
tion containing hydrogen peroxide under applied
stresses of 450 and 900 MPa. A slight reduction in
area was observed under a high applied stress,
whereas it was rarely observed under a low applied
stress. The fracture surface was roughly classified
into two areas: the corrosion area and the noncorro-
sion area with a mixture of quasi-cleavage and
shallow dimples. Both areas were observed irrespec-
tive of the level of the applied stress. The fracture
always initiated in the vicinity of the boundary
between the corrosion and noncorrosion areas fol-
lowed instantly by a radial crack propagation. The
fracture initiation area could be identified by back
tracking riverlike flows. A fraction of the corrosion
area of the fracture surface as a function of the
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applied stress is shown in Figure 3. The fraction of
the corrosion area tended to decrease with increasing
applied stress. This result suggests that under a high
applied stress (900 MPa), slight corrosion always
results in fracture.

SEM images of the side surface of the specimens
subjected to the sustained tensile-loading test in
physiological saline solution containing hydrogen
peroxide under applied stresses of 450 and 900 MPa
are shown in Figures 4(a—d). The localized corrosion
was observed only near the fracture area, but scrat-
ches due to paper polishing remained on the surface
subjected no corrosion. The size of the localized cor-
rosion area observed from the side surface of the
specimens increased with decreasing applied stress.
Under an applied stress below 450 MPa, the local-
ized corrosion area was observed not only near the
fracture area but also in other areas.

Figure 5 shows the changes in the corrosion poten-
tial of Ni-Ti superelastic alloy in physiological saline
solution containing hydrogen peroxide with or
without the applied stress. The corrosion potential
was stable at ~0.2 V (vs. SCE) in the case without
the applied stress. After 120 h of immersion, corro-
sion pits were observed on the surface of the speci-
men, although scratches due to paper polishing
almost remained, as shown in Figure 6. In contrast,
under the applied stress, the corrosion potential fluc-
tuated at the early stage of immersion. Subsequently,
the corrosion potential shifted abruptly in the less
noble direction, corresponding to the fracture of the
specimen, although it sometimes shifted to the noble
direction without the fracture.

The amounts of nickel and titanium ions dissolved
in physiological saline solution containing hydrogen
peroxide without the applied stress after immersion
are shown in Figure 7. The amounts of dissolved
ions increased with immersion time, although the
increase rate of amounts was slightly slowed down
for long-term immersion. The amount of dissolved
nickel ions was larger than that of dissolved titanium
ions irrespective of immersion time. For 24 h, the
amounts of dissolved nickel and titanium ions were
0.64 and 0.25 ppm, respectively.

Figure 8(a) shows typical Ti 2p XPS spectra of the
nonimmersed specimen and specimen immersed in
physiological saline solution containing hydrogen
peroxide without applied stress for 24 h. The XPS
spectra of the surface of both specimens exhibited
two peaks at 458 and 463 eV, that is, Ti 2p;,» and Ti
2ps/» related to mainly Ti** (TiO,). Typical Ni 2ps,2
XPS spectra are shown in Figure 8(b). For the surface
of the nonimmersed specimen, the peaks at 852 and
855 eV corrcsPond to Ni’ (nickel in the substrate
metal) and Ni*" [Ni(OH),], respectively. For the im-
mersed specimen, the peak related to Ni’' was
observed, but no peak related to Ni" was observed.
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SEM images of typical fracture surface after sustained tensile-loading test in physiological saline solution con-

taining hydrogen peroxide; (a) under applied stress of 450 MPa, (b) fracture initiation area and (c) crack propagation area,
and (d) under applied stress of 900 MPa, (e) fracture initiation area and (f) crack propagation area

Figures 9(a,b) show typical AES depth profile
spectra of the nonimmersed specimen and specimen
immersed in physiological saline solution containing
hydrogen pvrn\idv without applied stress for 24 h,
respectively. For the nonimmersed specimen, the
oxygen concentration decreased rapidly with sput-
tering time. In contrast, for the immersed specimen,
the oxygen concentration decreased gradually with
sputtering time. The oxide layer thicknesses of the
nonimmersed and immersed specimens were roughly

estimated to be 5 and 1000 nm, respectively. A decrease
in relative nickel concentration was often observed in
the oxide layer of the immersed specimen.

DISCUSSION

One noteworthy finding in the present study is
that Ni-Ti superelastic alloy fractures early under

Biomedical Materials Research Part A DOL 10.1002/jbm.a



60
s+
s o}
gt O
1] O
£
£}
= 0
£
2
g 20t o e
|
=
- o)
0+ g e o
&)
n A A i L i A A L O IOJ
0 200 400 600 800 1000 1200

Applied stress (MPa)

Figure 3. Fraction of corrosion area on fracture surface as
function of applied stress

applied stress in physiological saline solution con-

taining hydrogen peroxide without fatigue or wear.
20

Pan et al.”" demonstrated that the presence of hydro-
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gen peroxide enhances the dissolution of titanium
and results in a rougher surface on the microscopic
scale for commercial pure titanium immersed in
phosphate-buffered saline solution. Montague et al.”
reported that the presence of hydrogen peroxide
enhances the fretting corrosion of Ti-6Al-4V alloy in
cell culture growth media. Mu et al.*” insisted that
active oxygen species produced by macrophages
lead to titanium ion release from commercial pure
titanium in the absence of wear and fretting in vivo.
Other articles'™ %% 3ls0 exhibit the effects of hy-
drogen peroxide on corrosion resistance, surface con-
ditions, or the dissolution of metal ions for titanium
and its alloys. However, these reported effects of
hydrogen peroxide are not anticipated to lead to a
pronounced degradation of the mechanical proper-
ties or the fracture of titanium or Ni-Ti superelastic
alloy for a short time. We have confirmed in a sepa-
rate experiment that commercial pure titanium does
not fracture within 1000 h under various applied
stresses in physiological saline solution containing
hydrogen peroxide.™ Moreover, for Ni-Ti superelas-
tic alloy without applied stress, slight-corrosion pits
were observed only in physiological saline solution
containing hydrogen peroxide, as shown in Figure 6.

SEM images of typical side surface after sustained tensile-loading test in physiological saline solution contain-

ing hydrogen peroxide under applied stress of 450 MPa, (a) general and (b) magnified views; and under applied stress of

900 MPa, (c) general and (d) magnified views.

Jowrnal of Biomedical Materials
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Figure 5. Changes in corrosion potential for
applied stresses in physiological saline solution containing
hydrogen peroxide.

various

Although an increment in the amount of dissolved ions
was observed even after 1000 h without applied stress
(Fig. 7), this amount is not expected to lead to fracture.
In regard to the fracture of Ni-Ti superelastic alloy
under applied stress, a specific cause is considered.

kT

o«
]

< torrosion pit

<«

Figure 6. SEM images of side surface of (a) nonimmersed
specimen and (b) specimen immersed in physiological sa-
line solution containing hvdrogen peroxide without
applied stress for 120 h.

A few studies showed that applied stress only
slightly influences the corrosion resistance of Ni-Ti
superelastic alloy in artificial saliva. As shown in
Figure 5, however, a fluctuation in corrosion poten-
tial was observed at the early stage of immersion
under applied stress. In addition, when the applied
stress exceeded the critical for martensite
transformation, the fracture of Ni-Ti superelastic
alloy always occurred within a short time in physio-

stress for

logical saline solution containing hydrogen peroxide,
as shown in Figure 1. This result is consistent with
those in fluoride solutions®* and sodium hypochlo-
rite solutions,” or under cathodic charging (applied
potential) in physiological saline solution,” as re-
ported previously. Under the present experimental
conditions, it is most likely that fracture and corrosion
behavior are markedly influenced by applied stress.
From the fractography (Fig. 2) and observation of
the side surfaces (Fig. 4), the fracture of Ni-Ti
superelastic alloy is presumably explained by over-
load due to localized corrosion in physiological
saline solution containing hydrogen peroxide. How-
ever, the area of corrosion was smaller than that
expected for the overload, as shown in Figure 3.
In particular, in the high-applied-stress range, the
fracture occurred because of the slight localized
corrosion; hence, other fracture mechanisms such as
stress concentration at fracture initiation areas may
operate. Under an applied stress of 450 MPa, the
fracture sometimes occurred within 100 h, similar to
that under an applied stress above the critical stress
for martensite transformation (542 MPa). The possi-
ble reason for this is that the reduction in the cross-
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Figure 7. Amounts of dissolved nickel and titanium ions

immersed in physiological saline solution containing hy-
drogen peroxide without applied stress.
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Figure 8. Typical XPS spectra of nonimmersed specimen
and specimen immersed in physiological saline solution
containing hydrogen peroxide without applied stress for
24 h: (a) Ti 2p and (b) Ni 2p;,».

sectional area by slight localized corrosion results in
the applied stress exceeding the critical stress for
martensite transformation. Dynamic processes such
as the stress-induced martensite transformation dur-
ing the sustained tensile-loading test may enhance
fracture.®® The occurrence of localized corrosion also
appears to lead to the wide scattering of the time to
fracture.

In sodium hypochlorite solutions such as a disin-
fectant, the fracture of Ni-Ti superelastic alloy under
applied stress is probably caused by localized corro-
sion associated with the preferential dissolution of
nickel ions.”” The preferential or selective dissolution

fowrnal of Biomedical Materials Research Part A DOL 10,1002 /jbm.a
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of nickel ions for Ni-Ti superelastic alloy has been
observed in various environments.””* Similarly, the
present results of ICP (Fig. 7), XPS (Fig. 8), or AES
(Fig. 9) indicate the preferential dissolution of nickel
ions in physiological saline solution containing hy-
drogen peroxide. Additionally, we have observed in
a separate experiment that pure nickel (99.9%) frac-
tures under applied stress in physiological saline so-
lution containing hydrogen peroxide.* In this case,
general corrosion rather than localized corrosion is
observed, suggesting that nickel readily dissolves in
physiological saline solution containing hydrogen
peroxide. The time to fracture of pure nickel wire
with a diameter of 0.50 mm was relatively long
(~800 h) despite the applied stress of around the
yield stress (300 MPa). The difference in corrosion
morphology, that is, the difference in fracture mech-
anism, probably affects the time to fracture. The
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Figure 9. Typical AES depth profile of (a) nonimmersed

specimen and (b) specimen immersed in physiological sa-
line solution containing  hydrogen  peroxide without
applied stress for 24 h.
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relation between corrosion behavior and fracture
mechanism will be published elsewhere. In contrast,
commercial pure titanium slightly dissolves as men-
tioned earlier. Hence, it is likely that the localized
corrosion of Ni-Ti superelastic alloy in physiological
saline solution containing hydrogen peroxide is in-
duced by the preferential dissolution of nickel ions.

In hydrogen peroxide solution without sodium
chloride, Ni-Ti superelastic alloy did not fracture
within 1000 h even under an applied stress above
the critical stress for martensite transformation. This
finding is in accord with the fact that the corrosion
resistance of titanium and Ni-Ti alloys covered with
mainly titanium oxide film is generally sensitive to
chloride ions.*' However, there is no report on Ni-Ti
superelastic alloy under sustained load fracturing in
physiological saline solution without other solutes.
The localized corrosion in the present study perhaps
results from synergistic effects of hydrogen peroxide
with a high oxidation capability and sodium chlo-
ride with a high aggressiveness to induce corrosion.

An aqueous solution containing hydrogen perox-
ide has recently been employed in surface treatments
to 1mgrove the biocompatibility of Ni-Ti s Pereiastlc
alloy*>** as well as titanium and its alloys.”'#**
shown in XPS (Fig. 8) or AES (Fig. 9), an increment
in oxide thickness and a decrease in nickel in the
oxide layers were observed for the immersed speci-
men. Chu et al.** reported that Ni-Ti shape memory
alloy in boiling hydrogen peroxide solution without
other solutes forms a titania scale, which is mainly
composed of rutile and anatase phases and is re-
latively deficient in nickel. As long as hydrogen per-
oxide solutions without other solutes such as
sodium chloride are used in the absence of applied
stress, no pronounced degradation of mechanical pro-
perties may occur on the basis of the results of the
present study.

For in vitro investigation, the concentrations of
hydrogen peroxide used for simulating inflam-
matory responses have ranged from 0.001 to
0.330M, 15202233 I the present study, the initial
hydrogen peroxide concentration was 0.3M. How-
ever, hydrogen peroxide is decomposed readily into
water and molecular oxygen according to

2H0; — 2H;0 + Os.
which is catalyzed by the presence of TiO, on the
surface of Ni-Ti superelastic alloy. Under the present
experimental conditions, hydrogen peroxide con-
centration probably decreased with increasing immer-
sion time, although the decomposition rate of hydro-
gen peroxide was not known. This is supported by
the fact that the increment in amounts of dissolved
ions decreased slightly after 1000 h, as shown in

Figure 7. Nevertheless, it should be noted that the

fracture occurred after long-term immersion under
an applied stress below 450 MPa. In this case, it
appears that the fracture occurred after reducing the
concentration of hydrogen peroxide. Therefore, the
critical hydrogen peroxide concentration for the frac-
ture of Ni-Ti superelastic alloy is lower than 0.3M
and should be investigated.

There are several differences between the present
experimental conditions and in vivo conditions. The
test solution temperature was 25 C in the present
study, which became the baseline value. Because
corrosion is generally enhanced by the temperature
of the environment, the time to fracture at 37°C
would become shorter than that at 25°C. Dissolved
oxygen and pH also influence corrosion behavior.
The diameter of the present specimen is one order of
magnitude larger than that of a stent strut. With
decreasing diameter of the specimen, the time to
fracture generally reduces in the case of fracture
because of the localized corrosion. The surface con-
ditions of the specimen affect corrosion resistance.
The applied stress level should be treated cautiously.
Ni-Ti superelastic devices are usually used within
the superelastic strain (corresponding to the applied
stress below 542 MPa), although the applied stress
possibly exceeds the critical stress for martensite
transformation. In many cases, sustained strain tests
reflect practical conditions rather than sustained
loading tests. Dynamic processes including phase
transformation, as compared with sustained loading,
are considered to enhance fracture.™ Other factors
should also be considered.

It must be emphasized that Ni-Ti superelastic
alloy under applied stress possibly fractures because
of the hydrogen peroxide in vivo. In fact, in vivo, the
fracture of Ni-Ti superelastic alloy such as stent is
frequently observed from a few months to a few
years after implantation.'*'” Using energy-dispersive
X-ray analysis, Heintz et al. '? revealed corrosion pits
and localized corrosion on the surface of nitinol stent
wires of explanted endovascular grafts used for
the treatment of abdominal aortic aneurysm, and a
decrease in nickel concentration in localized corro-
sion areas. Although the differences between in vivo
and in vitro should be treated carefully, the morphol-
ogy of corrosion in vivo'> appears to resemble closely
that in the present study. One reason for the fracture
of Ni-Ti superelastic alloy in vivo may be localized
corrosion due to the synergistic effects of hydrogen
peroxide and sodium chloride under applied stress.
Further works are needed to clarify this.

CONCLUSIONS

We have demonstrated that Ni-Ti superelastic
alloy fractures under applied stress in physiological
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