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Abstract. The objective of this study was to investigate
how molecular level changes in the collagen network
affect its mechanical integrity. Our hypothesis is that the
cleavage and unwinding of triple helices of collagen
molecules significantly reduce the mechanical integrity
of the collagen network in bone, whereas collagen
crosslinks play a major role in sustaining the structural
integrity of the collagen network. To test this hypothe-
sis, the collagen molecular structure was altered in
demineralized human cadaveric bone samples in the
following two ways: heat induced unwinding and pan-
creas elastase induced cleavage of collagen molecules.
Along with control specimens, the treated specimens
were mechanically tested in tension to determine their
strength, elastic modulus, toughness, and strain to fail-
ure. Also, the percentage of denatured collagen mole-
cules and amounts of two major collagen crosslinks
(hydroxylysylpyridinoline and lysylpyridinoline) were
determined using high-performance liquid chromato-
graphy techniques. It was found that unwinding of
collagen molecules may cause more reduction in stiffness
(E) but less strain to failure (ef) than cleavage. Both
collagen denaturation types cause similar changes in the
strength (o) and work to fracture (Wy) of the collagen
network with no significant changes in hydroxylysyl-
pyridinoline and lysylpyridinoline crosslinks. The results
of this study indicate that the integrity of collagen
molecules significantly affect the mechanical properties
of the collagen network in bone, and that collagen
crosslinks may play an important role in maintaining
the mechanical integrity of the collagen network after
collagen denaturation occurs.
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Bone is an integral living tissue comprising minerals,
proteins, and water [1]. Previous studies have shown
that mineral content contributes predominantly to the
stiffness of bone [2, 3] whereas the quality of the collagen
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matrix plays a major role in sustaining the toughness of
bone [4-11].

The collagen network in bone has a highly hierar-
chical structure [12]. Triple helical collagen molecules
(such as collagen type I), stabilized by numerous hy-
drogen bonds, are aggregated together by stable triva-
lent bonds (mature crosslinks) to form microfibrils [13—
15]. They are subsequently constructed into fibrils,
super-fibrils, then finally a complex collagen network in
bone [16]. In addition to causing abnormal metabolism
in bone [17], changes in collagen molecules and cross-
links may affect the mechanical integrity of the collagen
network, and subsequently lead to the altered bone
strength and toughness [4, 9, 18]. For example, genetic
defects in collagen molecules may lead to osteogenesis
imperfecta, a brittle bone disease [19-21]. Heat-induced
unraveling of collagen triple helices may significantly
reduce bone mechanical integrity [22]. Also, collagen
denaturation has been reported to relate significantly to
the age-dependent decrease in bone toughness [10]. In
addition, the enzymatic cleavage of amide links between
amino acids in collagen chains may cause a set of
changes in mechanical parameters of bone [23-26].
Moreover, a reduction in the concentrations of collagen
hydroxypyridinium crosslinks has been reported to be
associated with reduced bone strength [17, 27]. Howev-
er, these studies provided merely qualitative information
about the correlation between collagen and bone
mechanical properties. To elucidate the mechanisms of
collagen-related changes in bone quality it is necessary
to understand how collagen molecules affect the
mechanical integrity of the collagen network.

The objective of the present study was to investigate
how cleavage and unwinding of collagen molecules af-
fect the mechanical integrity of the collagen network in
bone. Our hypothesis is that the cleavage and unwinding
of triple helices of collagen molecules significantly
reduce the mechanical integrity of the collagen network
in bone, and collagen crosslinks play an important role
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in sustaining the structural integrity of the denatured
collagen network. To test this hypothesis, the collagen
molecular structure was altered in demineralized human
cadaveric bone samples in the following two ways: heat
induced unwinding and pancreas elastase induced
cleavage of collagen molecules. Then, effects of such
changes on the mechanical integrity of the collagen
network were investigated.

Materials and Methods
Reagents

Guanidinium chloride, Tris, Brij 35, iodoacetamide, NaNj,
a-chymotrypsin, pepstatin-A, homoarginine, pyridoxine, and
pancreas elastase (EC3.4.21.36) were purchased from Sigma
(St. Louis, MO, USA); EDTA, ribose, and heptafluorobu-
tyric acid were purchased from Aldrich (Milwaukee, WI,
USA); Acetonitrile and methanol were purchased from
Burdick & Jackson (Muskegen, MI, USA); AccQ-Fluor
Reagent Kit was purchased from Waters Corp. (Milford,
MA, USA).

Sample Preparation

Ten human cadaveric femurs were collected from six individ-
uals with a mean age of 41 £ 15 years through the Musculo-
skeletal Transplant Foundation. All these donors were
carefully screened for any abnormal pathologies of bone.
From each femur, a 100 mm-long section of the mid-diaphysis
was used for specimen preparation. A total of 12 specimens
were extracted from the medial aspect of the same femur. Four
of them (30 mm X 4 mm X 2 mm) for tensile test, four (7
mm X 4 mm X 2 mm) for collagen denaturation analysis, and
the remaining four (7 mm X4 mm X 2 mm) were used to
measure the concentrations of collagen crosslinks. All speci-
mens were immersed in a buffered 0.5 M EDTA solution, (0.1
M Tris, 0.02% NaN3, PH7.4) at 4°C for 6-10 weeks until total
removal of minerals. The EDTA solutions were changed every
4 days. The calcium content of EDTA extracts was detected
using a flame colorimetry to ensure the completion of demin-
eralization. After demineralization, all specimens were washed
three times for 10 min in PBS, and then stored in a storing
buffer (50 mM Tris, 0.2 M NaCl, 10 Mm CaCl,, 0.05% Brij 35,
and 0.02% NaN3) at 4°C. The specimens were divided into
three groups based on the pretest treatments: controls, heated
treatment, and enzyme (pancreas eclastase) treatment. The
control specimens were stored in the storing buffer at 4°C
without any treatment. Heat treatments were performed by
incubating the specimens in the storing buffer at 70°C for
1 hour to induce unraveling of triple helices of collagen mol-
ecules [28, 29]. The enzyme treatment was conducted by im-
mersing demineralized specimen in a solution containing 0.074
U pancreas elastase per mg demineralized specimens at 30°C in
a water bath for 4 days. Then the specimens were washed in
phosphorus-buffered saline solution (PBS) three times for 1
hour each and stored in the storing buffer at 4°C. Pancreas
elastase is an endopeptidase that hydrolyzes peptide bonds on
the C-terminal side of amino acids bearing uncharged non-
aromatic side chains [30]. In fact, after the cleavage of peptide
bonds of type I collagen, the triple helix may be sensitive to
unwinding at 37°C. Since the incubations for enzymatic
cleavage treatment were performed at 30°C in this study, the
triple helical formation of cleaved molecules can still remain
intact at this temperature. Therefore, such a treatment can
specifically cleave certain amide links in the backbone chains
of collagen molecules without interrupting their triple helical
structures.
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Fig. 1. Determination of mechanical properties from the
stress-strain curve of demineralized bone specimens. E is the
elastic modulus, ¢ is the strain at failure, W¢ is the work to
fracture, and oy is the tensile strength of the specimen.

Tensile Test

Flat dumbbell-shaped specimens were prepared using a dia-
mond saw and a bench top milling machine. Before deminer-
alization, a 5 mm portion at both ends of the specimens were
embedded in a plastic block to facilitate gripping of specimens.
The overall length of the specimen was 30 mm. The gage
length, width, and thickness were 10 mm, 24 mm, and 2 mm,
respectively. The test specimens were mounted in an Instron
mechanical test machine (Model 1011) with a loading rate of
10 mm/min until failure. The load-deformation curve was re-
corded using a computer-aided data acquisition system. Based
on the curve, the elastic modulus (E), ultimate strength (o),
work to fracture (Wy), and strain to failure (ef) were calculated
as shown in Figure 1.

Denatured Collagen Analysis

A selective digestion technique was used to determine the
amount of denatured collagen molecules (as percentage of the
total amount of collagen) [31]. The demineralized bone
samples were digested at 37°C in a 500 pl incubation buffer
(0.1 M Tris HCI, 1 mM lIodoacetamide, 1 mM EDTA, and 10
pg/ml pepstatin-A) containing 1 mg/ml a-chymotrypsin. The
denatured and intact collagen can be separated by removing
the supernatant (containing the denatured collagen) from the
remaining insoluble matrix (containing the intact collagen).
Then, the amounts of the denatured collagen (in the super-
natant) and the intact collagen (in residue) were determined
by measuring hydroxyproline in each of the two fractions
using a AccQ - Tag Amino Acid Analysis Column, which is
packed with 4 pm silica base bonded with CI8 in a high
performance liquid chromatography (HPLC) system (Waters
Corp.).

Collagen Crosslinks Measurement

A simplified HPLC assay [32] was used to quantify the py-
ridinium crosslinks in the collagen network. Briefly, demin-
eralized bone samples were hydrolyzed at 110°C furnace for
20 hours, then vacuum dried. The hydrolysate was dissolved
in water containing 10 nmol pyridoxine/ml and 2.4 pmol
homoarginine/ml as internal standards. After diluted fivefold
in dilution solution (0.5% (v/v) heptafluorobutyric acid in
10% (v/v) acetonitrile), the sample was injected into the
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Fig. 2. Typical stress-strain curves of the collagen network
with and without treatments. Collagen denaturation induced
by heating and enzymatic cleavage makes the collagen network
weaker, more compliant, and less tough. Compared with heat-
treated specimens, the enzyme-treated one indicates a greater
stiffness and less strain of failure.

HPLC system, and a two isocratic-step chromatography was
run together with programmed fluorimeter. Finally, the
concentrations of hydroxylysylpyridinoline and lysylpyridin-
oline crosslinks were normalized by the total amount of
collagen as moles per mole collagen. Waters AccQ - Tag
Amino Acid Analysis method was used to determine the
amount of hydroxyproline (300 mol of hydroxyproline per
mol of collagen molecules). The column for collagen cross-
links analysis was Waters S5 ODS2 Column, 4.6 mm X 150
mm, packed with 5 pm spherical silica particles with 80 A
pores.

Statistical Analysis

All experiment data were organized as mean + standard de-
viation. Repeated measures analysis of variance (ANOVA)
was performed to detect the effects of the different treatments
on both the mechanical properties and biochemical properties
of the collagen network. A post hoc test (Fisher’s Protected
Least Significant Difference) was conducted to compare results
between the groups. Moreover, regression analyses were per-
formed to explore the relationships between the molecular
integrity and the mechanical properties of the collagen net-
work. In all analyses, significance was considered only when
P<0.05.

Results

Significant differences were found in mechanical and
biochemical parameters measured in this study between
the treated groups and the control group. Figure 2
shows the typical stress-strain curves of the enzyme-
treated, heat-treated, and control specimens. The stress-
strain responses were significantly different between
these specimens, showing that the heat-treated speci-
mens had the longest toe region and least stiffness, fol-
lowed by the enzyme-treated specimens, and finally the

control specimens. In addition, the heat-treated group
demonstrated greater strain to fracture but less stiffness
than the enzyme-treated group.

Compared with controls, heat-treated specimens
exhibited an almost 5x increase in the percentage of
denatured collagen (%DC) as shown in Table 1. Cor-
respondingly, significant changes in all mechanical
properties were observed for the heat-treated specimens
(P <0.05): nearly threefold reduction in strength (a5), an
approximate sevenfold reduction in modulus of elastic-
ity (E), about a twofold reduction in work to fracture
(Wy), and an almost 2.5-fold increase in the strain
to failure (er). However, no significant changes were
observed in the two collagen crosslinks measured:
hydroxylysylpyridinoline (HP) and lysylpyridinoline
(LP).

The enzyme (pancreas eclastase)-treated specimens
showed similar changes in mechanical properties com-
pared with the heat-treated specimens. Again, no sig-
nificant changes were found in HP and LP collagen
crosslinks compared with controls, indicating that pan-
creas elastase does not affect the collagen crosslinks. The
post hoc multiple comparisons showed no significant
differences in a5, E, W, %DC, and the two types of the
collagen crosslinks (HP and LP) between the enzyme-
treated and heat-treated specimens (P > 0.05). However,
the enzyme-treated specimens exhibited less increment in
the strain to fracture (f) compared with the heat-treated
specimens (P <0.05).

The regression analyses demonstrated that the me-
chanical properties of the collagen network related sig-
nificantly to the percentage of denatured collagen
molecules (including both unwinding and cleavage), as
shown in Figure 3. The tensile strength and elastic
modulus of the collagen network dropped sharply (al-
most 3X) at about 20% collagen denaturation, but ex-
hibited no significant changes thereafter. Also, the
collagen network maintained structurally intact irre-
spective of collagen denaturation. However, the work to
fracture decreased gradually with increasing collagen
denaturation. Different from the other parameters, the
strain to fracture of the collagen network increased with
increasing collagen molecule denaturation.

Discussion

The results of this study support our hypothesis that
cleavage and unwinding of triple helices of collagen
molecules significantly change the mechanical integrity
of the collagen network in bone, and it was observed
that the collagen network can sustain its structural in-
tegrity even when large amounts of collagen molecules
denaturation (unwinding or cleavage) occurs, suggesting
that collagen crosslinks play an important role in
keeping the collagen network structurally intact.
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Table 1. Experimental data and ANOVA analyses (n = 10)

as (MPa) E (MPa) W (N/mm) €r (%) %DC HP LP
Control 29.4 + 491 405 + 129 1.13 £ 0.363 9.78 + 1.25 7.86 £ 1.71 0.094 + 0.012 0.052 £ 0.014
Heated 7.37 £ 2.10* 55.6 £ 19.8*  0.627 £ 0.170* 22.4 £+ 3.29* 39.3 £ 5.08* 0.095 £ 0.014 0.052 + 0.013
Enzyme 798 + 3.58" 746 + 32.7%% 0.640 + 0.336° 16.8 + 4.26%° 332 + 13.0°  0.089 + 0.018 0.047 + 0.011
ANOVA P<0.0001 P<0.0001 P<0.004 P<0.0001 P <0.0001 P>0.05 P>0.05
o, = ultimate strength; E = elastic modulus; Wy = work to fracture; e = strain to fracture; %DC = percentage of denatured

collagen molecules; HP = hydroxylysylpyridinoline moles per mole collagen molecules; LP = lysylpyridinoline moles per mole

collagen molecules
 Significantly different from controls
Significantly different from the heated specimens
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Fig. 3. Relationships of collagen denaturation with the mechanical properties of the collagen network: (a) tensile strength; (b)

elastic modulus, (¢) work to fracture, and (d) strain to fracture.

There are several limitations to the present study.
First, only longitudinal mechanical properties of the
collagen network were measured. Since bone is an
anisotropic material with collagen fibrils being oriented
in a slight angle with respect to the long axis of bone
[34], changes in the mechanical integrity of the collagen
network induced by the treatments performed in this
study might be different in other orientations [35]. Sec-
ondly, due to the limited space between collagen mole-
cules within the fibril, elastase may not be able to
penetrate into the intrafibrillar water compartment.
Thus, degradation of the fibrils can only start from the
surface. Most likely, a significant part of the collagen
molecules in the center of the fibrils remain unaffected.
Both limitations may result in non-uniformity of mate-
rial properties within the test specimen. In this study,

such non-uniformity is not considered important, be-
cause only relative comparisons were performed be-
tween control and treated specimens.

The mechanical properties of the control specimens
tested match with the results reported in the literature.
Catanese et al. [36, 37] measured tensile properties of
demineralized human cadaveric bones (femur, tibia, and
humerus). They reported that the elastic modulus is
between 275 + 94 MPa and 450 £ 50 MPa, the ulti-
mate stress varies between 15 + 4.2 to 26 + 4.7 MPa,
and the strain to failure falls in the range of 8.4 + 1.6%.
In this study, the ultimate stress, tensile elastic modulus,
and strain to fracture of demineralized human femurs
were determined to be 29.4 + 4.9 MPa, 405 + 129
MPa, and 9.78 £+ 1.25%, respectively, comparable with
the data obtained by Catanese et al. However, using
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Fig. 4. Schematic representation of structural changes in col-
lagen molecules under different treatments: (a) intact collagen
molecule, (b) heating-induced unraveling, and (¢) enzymatic
cleavage of collagen chains.

bovine bone samples, Bowman et al. reported that the
ultimate stress, average modulus, and ultimate strain of
demineralized bone are 61.5 £ 13.1 MPa, 613 + 113
MPa, and 12.3 + 0.5%, respectively. These values are
much greater than those of humans, indicating that the
mechanical properties of the organic matrix of bovine
bone may be different from those of human bone. In
fact, a recent study by Catanese et al. [33] has demon-
strated that the monotonic mechanical properties of
demineralized bone may vary significantly due to the
heterogeneity of bone tissues.

In this study, heating was used to induce unwinding
of collagen molecules by breaking hydrogen bonds in
the triple helices of collagen molecules [29, 31]. It has
been known that type I collagen molecules have a triple
helical structure formed by three o chains (Fig. 4a). If
triple helices of collagen molecules are unraveled by
breaking the hydrogen bonds between the chains, these
molecules lose their rigidity to resist deformation (Fig.
4b). Such damages to collagen molecules consequently
lead to the weakening of the collagen network, and
finally the deterioration of bone quality [5, 6]. One of the
manifestations of such a change in the collagen network
is reflected in the elongated toe region of the stress-strain

curve for heat treated specimens (Figure 2). Moreover,
the mechanical properties of the collagen network sig-
nificantly decrease with collagen denaturation, suggest-
ing that the molecular integrity plays a predominant role
in determining the strength; stiffness, and toughness of
the collagen network. However, it is noteworthy that
after heat treatment the specimens still maintain intact,
suggesting that the unwinding of collagen molecules did
not lead to a total disintegration of the collagen net-
work. Thus, it is presumable that collagen crosslinks
play a significant role in maintaining the collagen net-
work intact by holding unraveled molecules together. In
fact, these intermolecular collagen crosslinks are a major
structural component of the collagen network and
contribute to the mechanical integrity of bone [14].
Pancreas elastase is an enzyme that cleaves certain
amide links in the polypeptide chains of collagen mole-
cules. A recent study has reported that the clastase is
able to cleave the triple helix of collagen molecule in
fragments similar in size to those produced by mam-
malian collagenase, and that the clipping of collagen
molecules by the elastase is limited to alanine sites in the
triple helix of collagen [38]. Although the enzymatic
cleavage can essentially cut chains of collagen molecules,
the cleaved molecules may still remain the triple helical
formation at 30°C, a incubation temperature used in this
study (Fig. 4c). Thus, structural changes in collagen
molecules induced by the enzymatic cleavage are obvi-
ously different from those by heating. However, similar
changes in mechanical properties were observed for the
pancreas elastase-treated specimens compared with the
heat-treated ones. The significant differences between
the two groups was the distinct length of toe region and
the extent of strain to failure (e), showing that €; in-
creased about 100% in the heat-treated specimens, but
only 50% in the pancreas elastase-treated specimens with
respect to the controls (Table 1). Since the elastase
cleavage of collagen molecules does not interrupt the
triple helical structure of the collagen molecules, the
hydrogen bonds present in the cleaved collagen molecule
may still function in sustaining the stiffness of the col-
lagen network. This may explain the differences in the
length of the toe region in the stress-strain curve and the
amount of strain-to-failure between the two groups.
The results of the present study indicate that the
mechanical properties of the collagen network relate
significantly with the extent of collagen denaturation for
both unwinding and cleavage (Fig. 3). The tensile
strength (o) and elastic modulus (E) of the collagen
network are very sensitive to the collagen denaturation,
showing significant decreases as the amount of dena-
tured collagen increases up to about 20%. However, it is
noteworthy that no considerable changes are observed
thereafter. This may suggest that collagen crosslinks
begin to play a predominant role in withholding the
remaining strength and stiffness of the collagen network
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after collagen denaturation. However, the work-to-
fracture (Wy) and strain-to-fracture (er) of the collagen
network do not show such a threshold as a function of
collagen denaturation (Fig. 3). Considering the stress-
strain behavior of the three types of demineralized bone
specimens (Fig. 2), W and €; are most likely determined
by the compliance of collagen molecules in the network,
which is reflected by the elongated toe region in the
stress-strain curve.

In summary, this study indicates that irrespective of
differences in collagen denaturation caused by unwind-
ing and cleavage, both mechanisms make the collagen
network significantly weaker, more compliant, and less
tough. Furthermore, the study demonstrates that colla-
gen crosslinks may play an important role in sustaining
the mechanical integrity of the collagen network when
collagen denaturation reaches a certain extent.

Acknowledgments. This study was supported by a Whitaker
Foundation Biomedical Engineering Research Grant (RG-99-
0440). The authors thank Mr. A. Kruger, Mr. B. Brahmanda,
and Ms. X. Shen for their technical support in conducting the
experiments.

References

1. Lane JM (1979) Biochemistry of fracture repair. Proceed-
ing of AAOS Monterey Seminar. Am Acad Orthop Surg,
Chicago, pp 141-165

2. Singer K, Edmondston S, Day R, Breidahl P, Price R
(1995) Prediction of thoracic and lumbar vertebral body
compressive strength: correlations with bone mineral
density and vertebral region. Bone 17:167-174

3. Smith CB, Smith DA (1976) Relations between age, min-
eral density and mechanical properties of human femoral
compacta. Acta Orthop Scand 47:496-502

4. Boskey AL, Wright TM, Blank RD (1999) Collagen and
bone strength. J Bone Miner Res 14:330-335

5. Burstein AH, Zika JM, Heiple KG, Klein L (1975)
Contribution of collagen and mineral to the elastic-
plastic properties of bone. J Bone Joint Surg [Am] 57:956—
961

6. Currey JD, Foreman J, Laketic I, Mitchell J, Pegg DE,
Reilly GC (1997) Effects of ionizing radiation on the
mechanical properties of human bone. J Orthop Res
15:111-117

7. Landis WJ (1995) The strength of a calcified tissue depends
in part on the molecular structure and organization of its
constituent mineral crystals in their organic matrix. Bone
16:533-544

8. Martin RB, Boardman DL (1993) The effects of collagen
fiber orientation, porosity, density, and mineralization on
bovine cortical bone-bending properties. J Biomech
26:1047-1054

9. Puustjarvi K, Nieminen J, Rasanen T, Hyttinen M,
Helminen HJ, Kroger H, Huuskonen J, Alhava E, Kova-
nen V (1999) Do more highly organized collagen fibrils
increase bone mechanical strength in loss of mineral den-
sity after one-year running training? J Bone Miner Res
14:321-329

10. Wang X, Bank RA, TeKoppele JM, Hubbard GB, A-
thanasiou KA, Agrawal CM (2000) Effect of collagen de-
naturation on the toughness of bone. Clin Orthop 228-239

11. Zioupos P, Currey JD, Hamer AJ (1999) The role of
collagen in the declining mechanical properties of aging
human cortical bone. J Biomed Mater Res 45:108-116

12. Katz JL, Yoon HS, Lipson S, Maharidge R, Meunier A,
Christel P (1984) The effects of remodeling on the elastic
properties of bone. Calcif Tissue Int 36:S31-S36

13. Hanson DA, Eyre DR (1996) Molecular site specificity of
pyridinoline and pyrrole cross-links in type I collagen of
human bone. J Biol Chem 271:26508-26516

14. Knott L, Bailey AJ (1998) Collagen cross-links in miner-
alizing tissues: a review of their chemistry, function, and
clinical relevance. Bone 22:181-187

15. Notbohm H, Mosler S, Bodo M, Yang C, Lehmann H,
Batge B, Mullet PK (1992) Comparative study on the
thermostability of collagen I of skin and bone: influence of
posttranslational hydroxylation of prolyl and lysyl resi-
dues. J Protein Chem 11:635-643

16. Bilezikian JP, Raisz LC, Rodan GA (1996) Principles of
bone biology. Academic Press, San Diego, pp 128-129

17. Bailey AJ, Wotton, SF, Sims TJ, Thompson PW (1993)
Biochemical changes in the collagen of human osteopo-
rotic bone matrix. Connect Tissue Res 29:119-132

18. Parkinson J, Brass A, Canova G, Brechet Y (1997) The
mechanical properties of simulated collagen fibrils. J Bio-
mech 30:549-554

19. Byers PH (1990) Brittle bones-fragile molecules: disorders
of collagen gene structure and expression. Trends Genet
6:293-300

20. Jepsen KJ, Schaffler MB, Kuhn JL, Goulet RW, Bonadio J,
Goldstein SA (1997) Type I collagen mutation alters the
strength and fatigue behavior of Mov13 cortical tissue.
J Biomech 30:1141-1147

21. Kuivaniemi H, Tromp G, Prockop DJ (1991) Mutations in
collagen genes: causes of rare and some common diseases
in humans. Faseb J 5:2052-2060

22. Danielsen CC (1987) Thermal stability of human-fibro-
blast-collagenase-cleavage products of type-1 and type-I11
collagens. Biochem J 247:725-729

23. Janusz MJ, Durham SL (1997) Inhibition of cartilage de-
gradation in rat collagen-induced arthritis but not adju-
vant arthritis by the neutrophil elastase inhibitor MDL
101,146. Inflamm Res 46:503-508

24. Mainardi CL (1987) Biochemical mechanisms of articular
destruction. Rheum Dis Clin North Am 13:215-233

25. Manselc JP, Bailey AJ (1998) Abnormal cancellous bone
collagen metabolism in osteoarthritis. J Clin Invest
101:1596-1603

26. Zernicke RF, Wohc GR, Greenwald RA, Moak SA,
Leng W, Golub LM (1997) Administration of systemic
matrix metalloproteinase inhibitors maintains bone me-
chanical integrity in adjuvant arthritis. J Rheumatol
24:1324-1331

27. Oxlund H, Barckman M, Ortoft G, Andreassen TT (1995)
Reduced concentrations of collagen cross-links are asso-
ciated with reduced strength of bone. Bone 17:365S-371S

28. Bonar LC, Glimcher MJ (1970) Thermal denaturation of
mineralized and demineralized bone collagens. J Ultra-
struct Res 32:545-548

29. Kronick PL, Cooke P (1996) Thermal stabilization of
collagen fibers by calcification. Connect Tissue Res 33:275—
282

30. Gertler A, Birk Y (1970) Isolation and characterization of
porcine proelastase. Eur J Biochem 12:170-176

31. Bank RA, Krikken M, Beekman B, Stoop R, Maroudas A,
Lafeber FP, TeKoppele JM (1997) A simplified measure-
ment of degraded collagen in tissues: application in heal-
thy, fibrillated and osteoarthritic cartilage. Matrix Biol
16:233-243

32. Bank RA, Beeckman B, Verzijl N, de Roos JA, Sakkee
AN, TeKoppele JM (1997) Sensitive fluorimetric quanti-
tation of pyridinium and pentosidine crosslinks in bio-
logical samples in a single high-performance liquid
chromatographic run. J Chromatogr B Biomed Sci Appl
703:37-44

33. Catanese J 3rd, Iverson EP, Ng RK, Keaveny TM (1999)
Heterogeneity of the mechanical properties of demineral-
ized bone. J Biomech 32:1365-1369



192 X. Wang et al.: Cleavage and Unwinding vs. Collagen Mechanical Integrity

34. Pidaparti RM, Chandran A, Takano Y, Turner CH (1996)
Bone mineral lies mainly outside collagen fibrils: predictions of
a composite model for osteonal bone. J Biomech 29:909-916

35. Mehta SS, Oz OK, Antich PP (1998) Bone elasticity and
ultrasound velocity are affected by subtle changes in the
organic matrix. J Bone Miner Res 13:114-121

36. Catanese J, Bank RA, TeKoppele JM, Keaveny TM (1999)
Increased cross-linking by nonenzymatic glycation reduces
the ductility of bone and bone collagen. Proceeding of

37.

38.

ASME 1999 Bioengineering Conference, Bioengineering
Division, pp 267-268

Catanese J 3rd, Featherstone JD, Keaveny TM (1999)
Characterization of the mechanical and ultrastructural
properties of heat-treated cortical bone for use as a bone
substitute. J Biomed Mater Res 45:327-336

Kafienah W, Buttle DJ, Burnett D, Hollander AP (1998)
Cleavage of native type I collagen by human neutrophil
elastase. Biochem J 330:897-902



