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Background: Extracellular matrix (ECM) alterations during aging contribute to various pathological phenotypes.
Results: Collagen fibrils, fibers, and bone alter their structural integrity and susceptibility toward degradation by cathepsin K
when age-modified.
Conclusion: Age-related modifications of collagen affect its biomechanics and proteolytic stability.
Significance: Our research reveals how matrix modifications may increase the risk of ECM disorders.

During aging, changes occur in the collagen network that con-
tribute to various pathological phenotypes in the skeletal, vas-
cular, and pulmonary systems. The aim of this study was to
investigate the consequences of age-related modifications on
the mechanical stability and in vitro proteolytic degradation of
type I collagen. Analyzing mouse tail and bovine bone collagen,
we found that collagen at both fibril and fiber levels varies in
rigidity and Young’s modulus due to different physiological
changes, which correlate with changes in cathepsin K (CatK)-
mediated degradation. A decreased susceptibility to CatK-me-
diated hydrolysis of fibrillar collagen was observed following
mineralization and advanced glycation end product-associated
modification. However, aging of bone increased CatK-mediated
osteoclastic resorption by �27%, and negligible resorption was
observed when osteoclasts were cultured on mineral-deficient
bone. We observed significant differences in the excavations
generated by osteoclasts and C-terminal telopeptide release
during bone resorption under distinct conditions. Our data
indicate that modification of collagen compromises its biome-
chanical integrity and affects CatK-mediated degradation both
in bone and tissue, thus contributing to our understanding of
extracellular matrix aging.

Type I collagen is the major extracellular matrix (ECM)3 pro-
tein that provides mechanical stability and structure to various

tissues, including tendon, bone, arteries, and skin (1). These
macromolecules are self-assembled from collagen triple helices
(2). During fibrillogenesis, collagen molecules assemble into
fibrils with a characteristic D-banding axial periodicity (3–5).
Fibrillar rearrangement of collagen provides mechanical char-
acteristics that are crucial for the proper functioning of tissues;
indeed, mechanical properties are distributed over distinct
hierarchical levels (collagen triple helical molecules, fibrils, and
fibers) (6). Alteration in the organization of collagen macro-
molecules due to aging and other pathological processes may
interfere with their realignment and mechanical properties
(7–9).

The changes in ECM with increasing age occur due to the
reduced synthesis of collagen and unregulated degradation by
proteases (10 –12). These physiological and pathological mod-
ifications lead to dysfunction within a range of tissues, includ-
ing bone, cartilage, and the cardiovascular and pulmonary sys-
tems (13–18). A typical feature of age-related diseases is the
ectopic mineralization of ECM. This abnormal mineralization
reduces the structural integrity and elasticity of arteries, which
impairs cardiovascular function (19, 20). Moreover, alterations
in the mechanisms of calcium and phosphorous homeostasis
are responsible for both skeletal and vascular disorders (21).
Glycation of the matrix is also believed to play a central role in
the pathogenesis of aging. In this process, reducing sugars (e.g.
glucose and ribose) bind to the free amino groups of collagen
and go through a series of nonenzymatic reactions to form
advanced glycation end products (AGEs). AGEs modify and
damage ECM by forming cross-links and contribute to numer-
ous clinical complications associated with aging (22, 23). At the
mechanistic level, nonenzymatic glycation leads to the forma-
tion of Schiff bases and contributes to a loss in collagen flexibil-
ity (24, 25).
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Aging-associated modifications have a direct impact on tis-
sue remodeling. Tissue growth factors, proteolytic enzymes,
and tissue inhibitors of proteases are regulators of matrix
remodeling and tissue development (26, 27). CatK, a cysteine
protease, is critically involved in ECM remodeling and respon-
sible for osteoclast-mediated bone resorption, and thus it is
integral in skeletal development and maintenance (28). Within
the vascular system, it has been shown that CatK is a mechano-
sensitive protease that is involved in artery remodeling and ath-
erosclerosis, particularly in areas of significant shear stress (29,
30). CatK has been selected as a target for the treatment of
osteoporosis and vascular diseases (29, 31, 32). Although CatK
and matrix metalloproteinases have been studied in the context
of degenerative disorders of the ECM (29, 32–34), significantly
less is known about the effects of pathophysiological modifica-
tions of collagen on its degradation by CatK and whether matrix
glycation and mineralization lead to increased degradation or
vice versa.

In this study, we evaluated the structural and mechanical
changes that occur in the collagenous components following
various modifications and how CatK responds under these con-
ditions. To describe the consequences of mineralization, accu-
mulation of AGEs, and the depletion of glycosaminoglycans
(GAGs) on collagen macromolecules, we analyzed their in vitro
CatK-mediated degradation. To model pathological processes
in the skeletal system, we studied aging-related modification of
bone matrix through osteoclast-mediated bone resorption.

Experimental Procedures

Materials—EDTA, dithiothreitol (DTT), dimethylmethylene
blue, ribose, methylglyoxal, and chondroitinase ABC were
obtained from Sigma. 100 mM sodium acetate buffer, pH 5.5,
containing 2.5 mM EDTA and 2.5 mM DTT was used for colla-
gen degradation assay. Z-Phe-Arg-MCA was obtained from
Bachem (Weil am Rhein, Germany). Cellu-Sep� cellulose dial-
ysis tubing (molecular weight cutoff 12,000 –14,000) was pur-
chased from Membrane Filtration Products Inc. (Seguin, TX).
Calcium and phosphate concentrations were determined by
colorimetric assay using calcium and phosphate assay kit
(Abcam Inc., Toronto, Ontario, Canada). CTx-I detection kit
was purchased from Antibodies Online Inc. (Atlanta, GA). Tar-
trate-resistant acid phosphatase (TRAP) staining kit was
obtained from Sigma. Receptor activator of nuclear factor �B
ligand and macrophage colony-stimulating factor were pur-
chased from R&D Systems (Minneapolis, MN). CatK was
expressed in Pichia pastoris and purified as described previ-
ously (35).

Reconstitution of Collagen Fibrils—Type I collagen fibers
were extracted from 3-month-old C57BL/6 mice tails, swollen
in acetic acid (0.05 M) overnight at 4 °C, and stirred at 500 rpm
for 2 days. The resulting collagen suspension was centrifuged
for 15 min at 8,000 � g, and the pellet was lyophilized. Fibrils
without any modification were considered as native. Fibrils
were mineralized using simulated body fluid (SBF), pH 7.4, as
described previously by Kokubo and Takadama (36). The con-
centrations of Ca2� used for the mineralization experiments
were 1.5, 2.5, and 4.5 mM and for HPO4

2� were 0.5, 1.0, and 2.0
mM. They are designated as low, intermediate, and high degree

of mineralization. Ca2� (2.5 mM) and HPO4
2� (1.0 mM) ion con-

centrations are equal or close to those in blood plasma (37).
Sodium azide (2.5 mM) was added to avoid bacterial growth. For
mineralization, the precipitated fibril pellet was suspended in
SBF medium and incubated for 5 days at 4 °C. AGE modifica-
tion of collagen fibrils and fibers was obtained after incubation
with 3, 6, and 15 mM ribose and 2, 4, and 10 mM methylglyoxal
in phosphate buffered saline (PBS), pH 7.4, at 4 °C for 5 and 15
days, respectively. Removal of GAGs from collagen fibrils was
carried out by overnight digestion with chondroitinase ABC
(100 milliunits) at 28 °C in 10 mM Tris-HCl, 25 mM sodium
acetate, pH 7.4. Native and GAG-depleted collagen fibrils were
incubated with PBS for 5 days at 4 °C. During incubation, all
categories of collagen fibrils were constantly stirred at 50 rpm.
The resulting fibrils were dialyzed and filtered and used for
AFM analysis after collagen quantification.

Analysis of Collagen Fibril Modification—A commercially
available colorimetric method was used to determine the con-
centrations of calcium and inorganic phosphate (Pi) in miner-
alized and unmineralized fibrils. AGE content was determined
based on the fluorescence assay described by Monnier et al.
(38). The AGE content was measured fluorometrically at the
excitation and emission wavelengths of 370 and 440 nm,
respectively, and calculated as fluorescence units/mg collagen.
Total collagen concentration was measured using hydroxypro-
line assay for all categories of fibrils (Sigma). GAG concentra-
tion was determined spectrophotometrically using dimethylm-
ethylene blue assay (39).

Structural and Mechanical Analysis of Fibrils by Atomic
Force Microscopy—Fibrils were imaged using atomic force
microscopy (AFM; CypherTM, Asylum Research, Santa Bar-
bara, CA) to derive structural and mechanical parameters such
as persistence length and Young’s modulus of elasticity. AFM
images were collected for four different types of collagen fibrils
as follows: native, mineralized, AGE-modified, and GAG-de-
pleted fibrils. Collagen fibrils (10 �l) of 1 �g/ml concentration
were deposited on freshly cleaved mica for 15 min, rinsed three
times with deionized water, and air-dried. Imaging was done
using the air tapping mode, and images were acquired at a 3-Hz
scanning rate using silicon tips (AC160TS from Asylum
Research) with a nominal spring constant of 42 newtons/m.
AFM topographic data were acquired for �50 fibrils of each
type. Single fibrils were analyzed to determine the persistence
length from which the stiffness is derived. AFM heights and
statistical analysis of variations in fibril shape were used to
determine the mechanical properties of these structures as
described in previous studies for protein fibrils (40, 41). The
contour of fibrils was fitted to parametric splines, and the per-
sistence length (PL) was determined using a worm-like chain
model for semi-flexible polymers (42). Scaling exponent analy-
sis of the end-to-end distance as a function of the inner contour
length (43) suggested that the fibrils equilibrated on the mica
surface; therefore, a worm-like chain model considering fluctu-
ations in two dimensions was used. The Young’s modulus of
elasticity (Y) was derived by using Y � BR/I, where BR is the
bending rigidity (BR � PL�kB�T, with kB the Boltzmann constant
and T the temperature), and I is the second moment of area. A
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cylindrical cross-section was assumed to estimate I according
to I � � �h4/64, where h is the fibril height.

Modification of Collagen Fibers—Mouse tail collagen fibers
were mineralized using simulated body fluid, pH 7.4 (36), at
20 °C for 15 days. For control experiments, fibers (native) were
incubated with PBS, pH 7.4. AGE-related modification of col-
lagen fibers was performed as described above by incubating
fibers with ribose and methylglyoxal in PBS, pH 7.4, at 4 °C for
15 days. Native collagen fibers were prepared similarly without
the AGE precursors. To obtain GAG-depleted fibers, collagen-
bound glycosaminoglycans were removed by repeated over-
night treatment with chondroitinase ABC (200 milliunits) as
described above. Modified fibers were dialyzed against distilled
water for 1 day.

Ultrastructural and Microchemical Analysis of Collagen
Fibers—Scanning electron microscopy (SEM) was used to
determine structural changes of the collagen fibers due to mod-
ifications and CatK digestion. For SEM, samples were prepared
as described previously, mounted on carbon adhesive, coated
with gold/palladium, and subsequently imaged using a Helios
NanoLabTM 650 microscope (FEI, Hillsboro, OR) (44). Micro-
chemical analysis of elements for both mineralized and native
(unmineralized) collagen fibers was done using SEM equipped
with energy-dispersive x-ray spectroscopy (EDS) at an acceler-
ating voltage of 8 kV and beam current of 6.4 nA. Collagen
specimens were mounted on the metal stub with adhesive tape
and coated with carbon using a Leica EM MED020 coating sys-
tem (Leica Microsystems Inc., Concord, Ontario, Canada), and
the EDS spectrum and maps were collected to identify the loca-
tion and amount of calcium and phosphorus. Native (control)
and modified fibers were homogenized for 24 h at 4 °C and
centrifuged at 13,000 � g for 30 min. Concentration of AGEs
and GAGs were determined as described above.

Micro-tensile Testing of Collagen Fibers—Collagen fibers
were tested for their mechanical stability before and after CatK
digestion. SEM and optical microscopy were used for diameter
measurements. Tensile strength of control (n � 25) and CatK-
digested fibers (n � 25) was measured by a KES-G1 tensile
testing machine (Kato Tech Co., Ltd., Kyoto, Japan). Tensile
tests were performed with a 50-newton capacity load cell, and a
gauge length of 10 mm was selected. Both control and digested
fibers were stretched in a uniaxial direction until failure at a
cross-head speed of 0.6 mm/min was observed (44, 45).

CatK-mediated Degradation of Collagen Fibrils and Fibers—
Native, mineralized, AGE-modified, and GAG-depleted colla-
gen fibers (1 mg) and fibrils (1 mg/ml) were digested with 3 �M

and 400 nM CatK, respectively, in 100 mM sodium acetate buffer
containing 2.5 mM DTT and EDTA, pH 5.5, for different time
points at 28 °C. The CatK reaction was terminated with 10 �M

E-64, and supernatants for SDS-PAGE analysis were collected
after 20 min of centrifugation. SDS-PAGE analysis was per-
formed in 9% Tris/glycine gels, stained by Coomassie Brilliant
Blue R-250, and quantified by SYNGENE, Bioimaging system.
To compare the degradation level of different categories of
fibers, the content of C-terminal telopeptide (CTx) of type I
collagen was measured using an immunosorbent assay. Resid-
ual CatK activity was measured at each time point using the
synthetic peptide substrate, Z-Phe-Arg-MCA. Binding assay

was performed to determine the effects of collagen modifica-
tions on collagen-CatK binding. For binding experiments,
native and modified fibers were incubated separately with
CatK, and the residual activity of CatK in digestion medium was
measured using Z-Phe-Arg-MCA as the substrate. The CatK
concentration in digestion medium correlates to the amount of
unbound protein.

Structural and Mechanical Characterization of Bone—
Bovine cortical bones from young (�1 year), mature (�5 years),
and aged (�9 years) animals were obtained from the slaughter-
house. A similar area of each femur bone was used for bone
slicing. Bone slices were demineralized by incubating with
0.1 M EDTA at 4 °C for 10 days. For the removal of GAGs,
demineralized bone slices were treated twice with chon-
droitinase ABC (200 milliunits) at 28 °C overnight in 10 mM

Tris-HCl, 25 mM sodium acetate, pH 7.4. Here, we desig-
nated collagen of mature bones as native collagen. Topo-
graphical analysis of the bone surface was determined by
SEM. Bone slices (500 �m thick, 10 mm long, and 1.75 mm
wide, n � 15, each condition) were prepared from a similar
region and used for mechanical testing at a displacement rate
of 15 mm/min using 50 newton cells.

Resorption of Bone Matrix by Osteoclasts (OCs)—We culti-
vated human OCs on native, demineralized, young, aged, and
GAG-depleted bone slices to compare the resorption level after
the various modifications. OCs were generated from mononu-
clear cells isolated from human bone marrow purchased from
Lonza (Walkersville, MD). Mononuclear cells were cultured in
�-minimum essential media supplemented with 10% FBS,
1% penicillin/streptomycin, 2 mM L-glutamate, and 25 ng
each of receptor activator of nuclear factor �B ligand and
macrophage colony-stimulating factor as described previ-
ously (46). Differentiated OCs at a density of 50,000 cells
were seeded on each bovine bone slice and incubated for 72 h
at 5% CO2 and 37 °C. The resorption features were analyzed
by staining bone discs with toluidine blue, and the total num-
ber of osteoclasts cells was determined after TRAP staining.
Cells were fixed in 4% formaldehyde and were subsequently
stained for TRAP activity (Sigma). Cells with more than two
nuclei were counted to determine the total number of OCs
per bone slice at each experimental condition. Images were
acquired using a Nikon Eclipse LV100 microscope. Collag-
enolysis by OCs was determined by measuring the release of
the CTx marker.

Statistical Analysis—All data are means � S.D. Statistical sig-
nificance was determined by ANOVA.

Results

In this study, we have exploited biochemical and biome-
chanical methods to simulate and characterize pathophysi-
ological modifications of collagen fibrils and fibers during
aging.

Mechanics of Fibrils after Aging-related Modifications—
Here, we analyzed low level mineralized and AGE-modified
fibrils, which are more physiologically relevant. To determine
how collagen fibers confer mechanical strength to tissues, an
understanding of the mechanical properties at a lower hierar-
chical level is essential. In vitro modification of fibrils exposed
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to minerals and AGEs are shown in Fig. 1, A–C. Using AFM, we
observed structural variations among native and modified
fibrils (Fig. 1, D–F). Several polymer-based studies have
described the shape fluctuations of biological filaments to
determine their mechanical properties (47, 48). Alterations in
shape and filament sizes were extracted from AFM images to
derive the persistence length (PL), the BR, and the Young’s
modulus of native and modified collagen fibrils. PL and BR (�
PL�kB�T) indicate the elastic properties of the fibrils. The higher
the PL value is, the stiffer the fibril. PL and contour lengths of
native and modified fibrils are summarized in Table 1. Our
results reveal that the bending rigidities of the collagen fibrils
vary with mineral content, AGE modification, and GAG deple-

tion. We calculated the cross-sectional moments of inertia (I)
for each type of fibril from their average heights in the AFM
measurements, and analysis of I versus BR showed that each of
the fibril types can be characterized by a distinct Young’s mod-

FIGURE 1. Calcium (A) and phosphate (B) concentrations in native and mineralized fibrils are shown. C, accumulation of AGEs is seen in AGE-modified fibrils. D–F,
AFM analysis of native and modified collagen fibrils. D, AFM topographic data of individual fibrils; E, heights measured from 50 fibrils with 10 –15 height
measurements per fibril (box value, the average heights obtained from Gaussian fit expressed in SEM � S.D.); and F, contours of 50 fibrils each of the native,
mineralized, AGE-modified, and GAG-depleted group (sequence, top to bottom). The contours of fibrils have been aligned according to their initial tangents to
facilitate the visualization of flexural rigidities of the fibrils. These are derived from shape fluctuation analysis (see under “Experimental Procedures”).

TABLE 1
Mechanical properties of native and modified collagen fibrils

Fibril
treatment

Persistence
length (PL)

Young’s
modulus

Contour
length

�m MPa �m
Native 3.5 � 0.5 11–95 6.9 � 2.2
Mineralized 68 � 12 97–1420 3.6 � 1.8
AGE-modified 8.0 � 1.8 23–182 5.1 � 2.1
GAG-depleted 1.3 � 0.4 3–36 5.9 � 2.3
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FIGURE 2. AFM analysis of collagen fibrils following degradation by CatK. A–D, AFM images of CatK-digested collagen at 4 h incubation of native (A),
mineralized (B), AGE-modified (C), and GAG-depleted fibrils (D). E, SDS-PAGE analysis shows the complete degradation of native fibrils, whereas mineralized
and AGE-modified fibrils show less degradation. F, quantification of the degradation of fibrils. M, protein marker; C, control collagen unmodified or modified.
Statistical significance was tested with ANOVA. ***, p � 0.001 versus native fibrils.
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ulus of elasticity of native (Y � 11–95 MPa), GAG-depleted
(Y � 3–36 MPa), AGE-modified (Y � 23–182 MPa), and min-
eralized fibrils (Y � 97–1420 MPa). They clearly reflect differ-

ences in material properties from one fibril type to another. It is
interesting to note that the changes in intrinsic stiffness origi-
nated from differences in persistence length only, because the
AFM heights of each fibril type were quite similar. Both AGE
modification and mineralization of fibrils severely altered their
intrinsic properties and increased their Young’s modulus
significantly.

CatK-mediated Degradation of Native and Modified Colla-
gen Fibrils—As described above, the mechanics of fibrils vary
after modification. Here, we observed the effect of CatK on
these modified nanostructures. At the microscopic level, native
fibrils were completely denatured and degraded by CatK (Fig.
2A); however, GAG-depleted fibrils remained unchanged after
exposure to the same enzyme concentration (Fig. 2D). Con-
versely, AGE-modified and mineralized fibrils displayed degra-
dation products of different heights, likely corresponding to
different states of fibril degradation (Fig. 2, B and C). SDS-
PAGE analysis of collagen �-fragments revealed that native
fibrils were completely degraded by CatK in 4 h, but for AGE-
modified and mineralized fibrils, remnants of �-chains
remained, and no degradation was detected for GAG-depleted
collagen fibrils (Fig. 2, E and F). Residual activities of CatK were
identical at different incubation time points of digestion for
native and modified fibrils (data not shown).

FIGURE 3. A–D, S. E. micrographs of the surface of native (A) and mineralized (B) fibers and the corresponding EDS spectra. Scale bar, 2 �m. EDS spectra were
collected using point analysis. Similar spectra were obtained at multiple sites on the micrographs, confirming the homogeneous binding of elements all over
the surface. EDS mapping of native (C) and mineralized (D) fibers showing secondary electron (SE) images and digital images of the elements carbon, oxygen,
nitrogen, calcium, and phosphorus and their overlay. E and F, comparison of calcium (E) and phosphate (F) concentrations in native and mineralized fibers. The
accumulation of AGEs is clearly seen in AGE-modified fibers and is presented in arbitrary fluorescence units (AU) per mg of collagen (G). Effect of chondroitinase
ABC on collagen fibers and release of GAGs is shown (H). Scale bar, 25 �m.

FIGURE 4. Mechanical properties of native and modified collagen fibers.
A–D, stress-strain plots for native (A), mineralized (B), AGE-modified (C), and
GAG-depleted fibers (D). Plots represent the comparison of stress-strain
between undigested (n � 25) and CatK-digested fibers (n � 25). Fibers were
digested with CatK for 2 h, and stress-strain curves were obtained from the
displacement of 0.6 mm/min in dry conditions.
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Characterization of Native and Modified Collagen Fibers—
We analyzed low level mineralized and AGE-modified fibers.
Topographical observations of mineralized fibers showed the
deposition of dense structures on the surface of collagen fibers
compared with native (unmineralized) fibers (Fig. 3, A and B).
EDS spectrum analysis verified the presence of calcium and
phosphorus on the mineralized fibers. EDS mapping images of
carbon, oxygen, nitrogen, calcium, and phosphorus and their
overlay clearly revealed higher intensities of Ca and P in min-
eralized fibers (Fig. 3D) when compared with unmineralized
samples (Fig. 3C), which was further confirmed by colorimetric
analysis (Fig. 3, E and F). Fig. 3G shows the degree of accumu-
lation of AGEs in control and AGE-modified fibers, indicating
their acquired modifications. Spectrophotometric quantifica-
tion of GAGs in GAG-depleted fiber revealed the removal of
polysaccharide chains after chondroitinase ABC treatment
(Fig. 3H).

We also performed uniaxial tensile tests on native, mineral-
ized, AGE-modified, and deglycosylated collagen fibers. An
increase in the modulus explains the reduction in extensibility
or elasticity for the mineralized and AGE-modified fibers. The
maximal stress applied on the collagen fibers prior to their
breaking was the highest for mineralized fibers followed by
AGE-modified and native and lowest for GAG-depleted fibers.
These results revealed that mineralized fibers are extremely
stiff and have the lowest failure strain, whereas unmineral-
ized fibers exhibit maximum extensibility under compara-
tive stress. As a result of CatK digestion, the stress-strain
behavior of the collagen fibers was altered and exhibited low
levels of breaking stress and breaking elongation as shown in
Fig. 4. Mechanical characteristics of native and modified
fibers are given in Table 2.

Ability of CatK to Degrade Collagen Fibers after Mod-
ification—Microscopic analysis of native collagen fibers
revealed the progressive unraveling of the fibrillar structure and
their complete degradation (Fig. 5, A, E, and I) (44). In contrast
to native fibers, mineralized fibers were not completely
degraded by CatK (Fig. 5, B, F, and J). Structural and protein
electrophoretic analysis of degradation products confirmed the
slow degradation of AGE-modified fibers (Fig. 5, C, G, and K)
and negligible degradation of GAG-deficient fibers by CatK
(Fig. 5, D, H, and L). In addition, we also observed the combined
effect of AGEs and mineralization, which limited the unfolding
and degradation of collagen fibers by CatK (data not shown).
Degradation assays show mineralized and AGE-modified

collagen with a slower rate of digestion when compared with
native collagen fibers, and GAG-depleted collagen is almost
completely protected from degradation (Fig. 6A). However,
CatK-mediated degradation can be reinstated by addition of
chondroitin sulfate to the GAG-depleted collagen fibers
(Fig. 7). As a marker of CatK-mediated collagen degradation,
we analyzed the release of CTx. The overall CTx release from
AGE-modified fibers was similar to that of native fibers but
comparatively less during the initial phase of degradation,
which confirms their slower digestion (Fig. 6B). The differ-
ent rates of degradation of the modified collagen fibers were
not related to secondary effects on CatK activity and stability
as the residual activity of the protease toward the synthetic
substrate, Z-Phe-Arg-MCA, was similar at different time
points during the incubation (data not shown). To test
whether CatK-collagen binding was affected, we analyzed
the residual activity of unbound CatK using Z-Phe-Arg-
MCA method. Compared with 95% binding of CatK to native
collagen, its binding was reduced to 55, 40, and 82% in min-
eralized, AGE-modified, and GAG-depleted fibers,
respectively.

Effect of Increasing Concentrations of Minerals and AGEs
on Collagen Fibers and Fibrils—We compared the effect of
low, intermediate, and high level mineralization and AGE
modification on CatK-mediated degradation and mechani-
cal stability of collagen fibrils and fibers. The degree of col-
lagen mineralization was determined by EDS and biochem-
ical analysis (Fig. 8). We demonstrated that high level
mineralized fibers and fibrils allowed an �55% CatK-medi-
ated degradation when compared with �75% degradation at
low degree mineralization (Fig. 9A). Stiffness of collagen
fibers increased with increasing levels of mineral and AGE
modifications (Tables 3 and 4). Similarly, AFM studies show
that mineralized fibrils were stiffer than native fibrils. When
we compared different degrees of mineralization on the
mechanical properties of fibrils, we observed that the persis-
tence length (PL) and Young’s modulus of fibrils slightly
change with increasing mineral content. AGEs reduced
CatK-mediated collagen degradation by �20% and increased
collagen stiffness. Excessively increased levels of AGE-medi-
ated collagen modifications did not further affect the colla-
gen fiber and fibril degradation (Fig. 9B).

Consequences of Modifications on the Bone Matrix—The sur-
face topography of native and physiologically challenged bones
was visualized by SEM, and their representative images are

TABLE 2
Mechanical properties of native and modified collagen fibers before and after CatK digestion
Average diameters of collagen fibers were calculated from multiple spots on the same fiber. MPa is megapascal and GPa is gigapascal.

Diameter Strength Young’s modulus Stress at break Strain at break

�m N GPa MPa %
Fiber treatment

Native 59.00 � 14.81 2.02 � 0.45 3.03 � 0.40 605 � 100 43 � 6.9
Mineralized 67.82 � 13.74 2.81 � 0.34 3.74 � 0.25 713 � 89 29 � 4.2
AGE-modified 74.64 � 12.71 2.47 � 0.56 3.48 � 0.27 688 � 75 36 � 4.8
GAG-depleted 75.70 � 14.31 1.86 � 0.45 2.46 � 0.35 450 � 97 23 � 4.5

CatK-digested
Native 83.00 � 15.59 1.32 � 0.31 1.81 � 0.28 230 � 55 21 � 5.2
Mineralized 80.21 � 14.43 1.78 � 0.62 2.35 � 0.44 386 � 52 16 � 2.8
AGE-modified 85.38 � 10.72 1.63 � 0.40 2.04 � 0.18 341 � 47 17 � 5.4
GAG-depleted 89.50 � 11.12 1.46 � 0.63 1.70 � 0.30 350 � 84 18 � 4.4
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shown in Fig. 10A. Tensile testing of bone specimens indicated
significant variations in modulus of physiologically challenged
compared with native bones. The tensile strength and Young’s
modulus of mineralized/native bone slices were significantly

higher than those of demineralized bone slices. However, ten-
sile testing results of younger and native bones showed com-
paratively higher breaking load and modulus when compared
with aged bone slices (Table 5).

FIGURE 5. CatK-mediated degradation of native and modified collagen fibers. SEM images of modified control collagen fibers (left column), fibers digested
with CatK for 12 h (middle column), and SDS-PAGE analysis of degradation fragments after incubation with CatK at different time points up to 20 h (right column).
SEM micrographs of native (A), mineralized (B), AGE-modified (C), and GAG-depleted (D) collagen fibers depict structural changes. Degradation of collagen
fibers with 3 �M CatK at pH 5.5 and 28 °C displayed a more extensive degradation of native fibers (E) when compared with mineralized (F) and AGE-modified
fibers (G). No CatK-mediated degradation was observed for GAG-depleted fibers (H). Scale bars represent 25 �m. I–L, M stands for molecular weight and C for
control without CatK. SDS-PAGE analyses of degradation products of mineralized (J) and AGE-modified (K) fibers show comparatively less degradation than
native fibers (I) and no degradation of GAG-depleted fibers (L) at different time points.
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Effect of Bone Modification and Aging on OC-mediated
Resorption—We examined the resorptive potential of OCs cul-
tured on bone slices of different ages and modified bone matrix.

Demineralized and young bones showed a lower number of
TRAP�-multinucleated cells attached to the surface when
compared with mineralized and aged bones, respectively (Fig.
10, B and D). Although most of these conditions showed some
differences in OC adhesion on the bone surface, the major dif-
ferences were seen in the type of excavations generated by OCs
and resorbed bone surface. Mature bone displayed resorption
lacunae in the form of long deep trenches, whereas negligible
imprints of OC activity were observed in demineralized bone.
The resorption cavities in the matrix of young bones were sim-
ilar to middle-aged bone; however, greater numbers of long
trenches were observed in aged bone (Fig. 10C). Demineraliza-
tion of bone caused a significant reduction in bone resorption
by OCs as assessed by the total resorption area, and an overall
less resorbed surface was observed in young bones compared
with aged bones (Fig. 10E). Removal of GAGs from demineral-
ized bone slices showed reduced bone resorption by OCs and
was comparably low as for demineralized bone. The resorption
activity of OCs on different categories of bone slices was mea-
sured by CTx release in the medium (Fig. 10F). We found that
CTx release was higher from mineralized when compared with
demineralized bones. Similarly, a significant increase in CTx
release was observed in aged compared with young bones.

Discussion

Increased cross-linking and accumulation of minerals within
the ECM and soft tissues is a natural response to physiological
stress and aging. These modifications lead to significant
changes in structural and mechanical properties of ECM pro-
teins and affect the normal remodeling of tissue by interfering
with proteolytic degradation. A number of studies have shown
the deposition of brushite and hydroxyapatite in soft tissues,
which occurs by passive precipitation of minerals during
numerous pathological conditions (49, 50). Atherosclerotic

FIGURE 6. Quantitative analysis of collagen degradation products. A, deg-
radation of native, mineralized, AGE-modified, and GAG-depleted fibers after
20 h of digestion with CatK. Statistical significance was tested with ANOVA.
***, p � 0.001; *, p � 0.05 versus native fibers. B, release of C-terminal telopep-
tide of type I collagen (CTx) from native, mineralized, AGE-modified, and GAG-
depleted insoluble collagen fibers by CatK after 20 h. Native and physiologi-
cally modified fibers (1 mg) were digested with 3 �M CatK at pH 5.5 and 28 °C,
and �-chains and CTx were measured in the supernatant. Statistical signifi-
cance was tested with ANOVA. ***, p � 0.001 versus native fibers.

FIGURE 7. A, degradation of collagen fibrils with and without chondroitin 4-sulfate (C4-S). B, SEM images of GAG-depleted collagen fibers and their degradation
by CatK. SEM micrographs show the effect of rescuing CatK-mediated degradation by adding chondroitin 4-sulfate to GAG-depleted collagen fibers. Scale bar,
25 �m.
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plaques showed bone-like regions with spatial distributions of
minerals (51). In other studies, higher AGE levels in diabetes
patients than in nondiabetic subjects were observed (52).
Although several researchers have examined in vitro and in vivo
mineralization and AGE accumulation of tissues in various dis-
eases (22, 23, 53, 54), the consequences of such changes on the
degradability of collagen macromolecules in affected or modi-
fied regions is unclear. In this study, we have used a combina-
tion of biochemical, ultrastructural, and cellular approaches to
compare the degradation of modified collagen when exposed to
CatK. Proteolytic degradation experiments indicate that min-
eralization prevents CatK-mediated hydrolysis of collagen
fibers and fibrils. Our data indicate that intrafibrillar mineral

deposits interfere with the CatK/collagen interactions during
degradation, but in unmineralized collagen, CatK/collagen-
binding sites remain readily accessible. Nudelman et al. (55)
have previously shown that the mineral nucleation point is
adjacent to the C terminus of tropocollagen molecules in the
fibril (i.e. after the gap/overlap transition). A CatK/collagen
interaction assay also showed a reduction in binding efficiency
after mineralization when native and mineralized collagen
fibers were compared. These data indicate that mineralization
at the C termini may interfere with the binding of CatK to the
initial cleavage sites (56), which are present in the same region
(57), and thus explain the observed reduction in CTx release
following digestion of mineralized collagen fibers.

FIGURE 8. EDS mapping of native (unmineralized) (A), weakly mineralized (B), intermediately mineralized (C), and highly mineralized (D) collagen fibers
showing secondary electron (SE) images and digital images of the elements carbon, oxygen, nitrogen, calcium, their overlay, and EDS spectra. The
overlay images of mineralized fibers show denser material in green/red and the less dense material on the surface of less mineralized collagen fibers.
Scale bar, 50 �m. E, comparison of calcium and phosphate concentrations in native and mineralized fibers as follows: panel 1, low; panel 2, intermediate;
and panel 3, high level of mineralized fibers. F, calcium and phosphate concentrations in native and low (panel 1), intermediate (panel 2), and high (panel
3) levels of mineralized fibrils.
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FIGURE 9. A, SDS-PAGE analyses show the comparative degradation of native and mineralized fibrils (1st panel) and fibers (2nd panel). Mineralized fibrils show
less degradation with increasing mineral concentrations. Quantification of the degradation products of low, intermediate, and high degree of mineralized
fibrils and fibers (right side). Arrow indicates increasing mineral content from low to high. B, SDS-PAGE analysis shows less degradation of AGE-modified
collagen fibrils (3rd panel) and fibers (4th panel) compared with native collagen and their respective quantification (right side). Arrow indicates increasing AGE
content from low to high. Increasing amounts of AGE displayed no significant effect on collagen fiber and fibril degradation. M, protein marker; C, control
collagen without any modification. Statistical significance was tested with ANOVA. ***, p � 0.001; **, p � 0.01; and *, p � 0.05 versus native fibrils or fibers.
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The effect of mineralization on the mechanical properties of
tissues has been intensively studied (58, 59). The combined dis-
tribution of stress and strain by minerals and collagen provides
unique mechanical properties to the skeleton (60, 61). How-
ever, in the vascular system, cartilage, and soft tissues, excessive
stiffness of collagenous components by mineralization may
cause severe complications (19, 53). Using different ap-
proaches, we assessed the mechanical properties of collagen
macromolecules at distinct hierarchical levels. There is direct
evidence from AFM analysis that an increase in the mineral
content changes stiffness of fibrils. Mineralized fibrils exhibit
the highest moduli compared with native fibrils. Consistent
with these results, the elastic moduli of normal and mineralized
mature fibrils was recently found to be in this range under ten-
sile loading using different techniques (6, 61). Altogether, our
study indicates that mineralization of collagen at both fiber and
fibril levels reduces their intrinsic flexibility, which is an asset in
bones. However, this is a drawback in arteries and other soft
tissues, where excessive stiffness reduces the functionality of
the tissue and leads to a range of disorders (19, 20). Appreciable
concentrations of calcium, phosphorus, silicium, and sulfur in
the calcified lesions of spherical forms have been reported pre-
viously (51, 62). It can be assumed that the degree of mineral-
ization at these foci is comparable with our in vitro mineralized
collagen fibers.

Although collagen cross-linking is necessary to stabilize
fibrils and provides elasticity and mechanical strength to the
tissue, excessive cross-links formed in collagen during aging
and diseases may compromise the biomechanical integrity of
tissues (63, 64). An increase in stiffness and reduction in elas-
ticity of tissues due to AGEs during aging has been reported
previously (65, 66). Here, we examined the effects of AGE mod-
ification on collagen and compared the changes in collagen
structure and degradability. On the basis of these observations,
it can be stated that accumulation of AGEs in collagen fibers
reduces their degradation by CatK. Changes from native to
AGE-modified conditions caused a drop in the maximal
stretching and a slight increase in the modulus of fibers. More-
over, at the nanostructural level, AFM results confirmed that

fibril stiffness increased with AGE accumulation and is in
agreement with a previous study (67).

In addition to collagen, PGs and other glycoproteins play an
important role in maintaining the biomechanical properties of
the matrix. GAG-carrying PGs are hydrophilic molecules
responsible for the hydration and load-bearing mechanism of
the tissue (68). Alteration of GAGs in tissues during aging has
been demonstrated in many studies (69, 70). Our earlier studies
have shown that GAGs are required for CatK-mediated colla-
gen degradation. GAGs are needed to form oligomeric CatK
complexes, which act as collagenases (71). The results of this
study clearly indicate that GAG-depleted fibers are resistant to
CatK digestion as they revealed no changes in the organization
of fibers and fibrils after incubation with the protease. We have
shown that GAGs facilitate the binding of CatK to collagen
fibers (56). GAG-deficient fibers displayed minimum Young’s
moduli. No significant changes were observed after CatK diges-
tion in the mechanical properties of GAG-depleted fibers.
Based on the qualitative images, mechanical data, and quanti-
tative degradation information, a schematic representation of
the action of CatK-mediated collagen degradation is depicted
in Scheme 1.

Besides matrix metalloproteases (72), CatK is crucial in ECM
remodeling. Matrix degradation is essential to replace damaged
and modified proteins, to allow for the regeneration of tissues,
and to maintain their normal structure and function (26, 27, 29,
73). During physiological conditions, type I collagen in soft tis-
sues has a faster turnover than in bone because of its lower
degree of isomerization and deoxypyridinoline cross-links (74).
This study indicates that CatK-mediated degradation of type I
collagen is reduced following mineralization, AGE accumula-
tion, and other modifications. However, OC-mediated collagen
turnover is increased in aged bones, which is likely to be an
attempt to repair damaged bones, but it may also lead to an
increased risk of osteoporosis. This highlights the differences
between collagen digestion in aged tissues and bone matrix.
The cellular environment may play a significant role in the dif-
ferent responses to age modification in different tissues.
Whereas in soft tissues, macrophages, smooth muscle cells, and

TABLE 3
Mechanical properties of native and differentially mineralized collagen fibers
MPa is megapascal and GPa is gigapascal.

Mineralization
degree Diameter Strength

Young’s
modulus

Stress at
break

Strain at
break

�m N GPa MPa %
Native 59.00 � 14.81 2.02 � 0.45 3.03 � 0.40 605 � 100 43 � 6.9
Low 67.82 � 13.74 2.81 � 0.34 3.74 � 0.25 713 � 89 29 � 4.2
Intermediate 72.55 � 15.85 2.94 � 0.52 3.90 � 0.50 740 � 77 26 � 3.1
High 77.43 � 11.63 3.01 � 0.63 3.95 � 0.47 781 � 98 22 � 5.3

TABLE 4
Mechanical properties of native and AGE-modified collagen fibers
MPa is megapascal and GPa is gigapascal.

Fiber
treatment Diameter Strength

Young’s
modulus

Stress at
break

Strain at
break

�m N GPa MPa %
Native 59.00 � 14.81 2.02 � 0.45 3.03 � 0.40 605 � 100 43 � 6.9
AGEs (low) 74.64 � 12.71 2.47 � 0.56 3.48 � 0.27 688 � 75 36 � 4.8
AGEs (high) 81.63 � 10.41 2.68 � 0.33 3.72 � 0.47 706 � 103 31 � 6.2

Collagen Degradation Is Affected by Aging Modifications

23302 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 38 • SEPTEMBER 18, 2015



fibroblasts express CatK in response to stresses and internalize
fragments of the ECM (29, 75), CatK-expressing OCs migrate
to damaged bone and degrade it (76). In this context, a complete
inhibition of CatK in elderly patients suffering from osteoporo-
sis may indiscriminately block necessary collagen turnover out-
side of the skeletal system. This might be of concern with regard
to the high potency of CatK inhibitors currently developed as a
therapeutic agent for the treatment of osteoporosis (30, 32).

Although beneficial in bone, a significant inhibition of CatK-
mediated tissue remodeling in other tissues may increase the
risk of disorders within the ECM. As shown in this report,
aging-related modifications of collagen disturb normal proteo-
lytic hydrolysis, and this may be exacerbated by current strate-
gies to inhibit CatK in elderly patients. To avoid the total inhi-
bition of CatK, strategies must be developed to specifically
target the diseased areas using specific drug delivery methods.

Conclusions

Our results indicate that aging-associated collagen modifica-
tions disturb mechanical properties, disrupt physiologically
essential CatK-mediated remodeling of collagen, and are thus
critical in the progression of ECM pathologies. These modifi-
cations reflect differentiality in soft tissues and the skeletal
system. High elastic moduli, low deformation, and reduced
proteolytic degradation of fibrils and fibers following miner-
alization and AGE accumulation indicate an increased risk of

FIGURE 10. A, scanning electron micrograph of the surface of native, young, aged, demineralized, and GAG-depleted bone slices. Scale bar, 50 �m. B, images of
TRAP-positive multinucleated osteoclasts cultured for 72 h on native, demineralized, young, aged, and GAG-depleted bone slices showing the adhesion rate
of osteoclasts. C, representative images of resorption lacunae generated by OCs in respective conditions. Scale bar, 20 �m. Resorption cavities generated by
OCs are in the form of trenches (arrows) and pits (arrowheads). D, effect of bone modification on number of multinucleated cells in terms of attachment at the
bone surface. E, percentage of resorbed or eroded surface per bone slice. F, release of CTx (marker of bone turnover) in culture medium in different conditions
(n � 3). Statistical significance was tested with ANOVA. ***, p � 0.001 versus native bone; ��, p � 0.001 versus young and native bone; #, p � 0.01 versus young
and native bone; and ¶, p � 0.05 versus young bone.

TABLE 5
Mechanical properties of native and physiologically modified bone
MPa is megapascal.

Bone
Young’s
modulus

Ultimate
strength

Strain at
break

MPa MPa %
Native 1015 � 380 63 � 14 2.2 � 0.41
Demineralized 11 � 4 3.8 � 1.2 21.5 � 4.67
Aged 1235 � 316 45 � 6 1.8 � 0.25
Young 985 � 393 59 � 9 2.6 � 0.53
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soft tissue disorders with age. On the contrary, excessive OC-
mediated bone resorption in aged bones is a clear sign of osteo-
porosis. On the contrary, excessive OC-mediated bone resorp-
tion occurs in aged bones leading to osteoporosis. Therefore,
selective approaches must be developed that allow tissue-spe-
cific collagen remodeling. It should be noted that in vitro stud-
ies have their limitations. Under in vivo conditions, additional
factors such as mineralization enhancer and inhibitors contrib-
ute to the mineralization process, and the elemental composi-
tion and concentration may vary within a tissue and from one
tissue type to another. Therefore, further studies are required
to consolidate these conditions within an in vivo disease model.
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