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Abstract Data have accumulated to show that various
types of collagen crosslinking are implicated in the health
of individuals, as well as in a number of disease states, such
as osteoporosis, diabetes mellitus, chronic kidney disease,
inflammatory bowel disease, or in conditions of mild hy-
perhomocysteinemia, or when glucocorticoid use is indi-
cated. Collagen crosslinking is a posttranslational
modification of collagen molecules and plays important
roles in tissue differentiation and in the mechanical prop-
erties of collagenous tissue. The crosslinking of collagen in
the body can form via two mechanisms: one is enzymatic
crosslinking and the other is nonenzymatic crosslinking.
Lysyl hydroxylases and lysyl oxidases regulate tissue-
specific crosslinking patterns and quantities. Enzymatic
crosslinks initially form via immature divalent crosslink-
ing, and a portion of them convert into mature trivalent
forms such as pyridinoline and pyrrole crosslinks. Nonen-
zymatic crosslinks form as a result of reactions which
create advanced glycation end products (AGEs), such as
pentosidine and glucosepane. These types of crosslinks
differ in terms of their mechanisms of formation and
function. Impaired enzymatic crosslinking and/or an in-
crease of AGEs have been proposed as a major cause of
bone fragility associated with aging and numerous disease
states. This review focuses on the effects of collagen
crosslinking on bone material properties in health and
disease.
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Introduction

Bone is a two-phase composite material in which the
mineral phase provides stiffness and the collagen fibers
provide tensile strength and the postyield property of
ductility [1]. The function of bone collagen is to provide
protection against external mechanical loads and to act as a
scaffold for bone cells. The determinants of bone quality
include its microarchitecture, degree of mineralization,
accumulated microdamage, and collagen crosslink forma-
tion [2]. The degrees of mineralization and microarchi-
tecture are mainly regulated by bone turnover, whereas
collagen crosslink formation is regulated not only by bone
turnover, but also by the extent of oxidative stress and
glycation (Fig. 1). Oxidative stress deteriorates bone for-
mation via cellular dysfunction [3]. Recently, data have
accumulated to indicate that enzymatic and nonenzymatic
crosslinking of collagen affect the mineralization process
and bone strength. Impaired enzymatic crosslinking, in-
volving immature divalent and mature trivalent crosslinks,
and/or an increase in nonenzymatic crosslinking including
advanced glycation end products (AGEs) have been pro-
posed as a major cause of bone fragility associated with
aging and disease states such as diabetes mellitus, chronic
kidney disease (CKD), and mild hyperhomocysteinemia
(Fig. 1). In this review, we summarize the mechanisms
responsible for the formation of bone collagen crosslinking
and their effects on bone material properties in health and
disease.
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Posttranslational Modifications—Collagen
Crosslinking

Type I collagen is the major organic constituent in bone.
Type I collagen is composed of two nonhelical domains
called telopeptides at the amino-terminal (N) and carboxyl-
terminal (C), and a triple helical region. Crosslinking is a
major posttranslational modification of collagen. Newly
secreted collagen molecules are stabilized by the formation
of crosslinks between neighboring collagen molecules.
Covalent crosslinks form enzymatically between the non-
helical domains and the helical domain of adjacent colla-
gen molecules, and they are the covalent bonds.

Collagen crosslinking can be divided into two distinct
types based on the key mechanism by which it originates:
(1) lysyl hydroxylase- and lysyl oxidase-mediated enzy-
matic crosslinks; and (2) glycation- or oxidation-induced
nonenzymatic AGE crosslinks. Enzymatic and nonenzy-
matic AGE crosslinks exhibit unique functions in terms of
the structural stabilization they provide.

Enzymatic Crosslink Formation—Immature
and Mature Crosslinks

Enzymatic crosslink formation in collagen fibers is
regulated by the action of two types of enzymes: (1) the
lysyl hydroxylases (LHs or procollagen-lysine, 2-oxyglu-
tarate, 5-dioxigenases [PLODs]) and (2) lysyl oxidases
(LOX, or protein-lysine 6-oxidases) [4, 5]. The extent of
lysine (Lys) hydroxylation of precursor crosslinks is
regulated intracellularly by the expression of PLODs, and
the resulting tissue-specific pattern of collagen crosslinks.
After hydroxylation of Lys, collagen molecules are se-
creted into the extracellular space. LOX only acts on ex-
tracellular collagen fibers and specifically binds to Lys or
hydroxylysine (Hyl) residues in the telopeptides to regulate
total enzymatic crosslinking (Fig. 2).

Lysine Hydroxylation Regulates Tissue-Specific
Enzymatic Crosslinking Patterns

The specific crosslinking sites in collagen molecules are at
telopeptidyl Lys or Hyl and helical Lys or Hyl residues.
Tissue-specific patterns of crosslinking are predominantly
dependent on the differential activity of the lysyl hy-
droxylases which determines the conversion of Lys into
Hyl (Fig. 2). Although type I collagen in all tissues is ge-
netically identical, the tissue-specific ratio of Hyl/Lys-
derived enzymatic crosslinking during the mineralization
process [4-8, 9], and in woven bone [10], mature bone [10-
14], tendon [4, 15-18], ligament [7, 15, 17-19], and skin
[4, 9, 20, 21], relies on the extent of Lys hydroxylation.
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Fig. 1 Plausible mechanisms for reduced bone strength in aging and
disease states. BMD depending on degree of mineralization and bone
volume is mainly regulated by bone turnover, whereas collagen
crosslink formation is regulated by not only bone turnover rate, but
also the activities of lysyl oxidases and lysine hydroxylases secreted
from osteoblasts, the levels of oxidative stress, and the amount of
glycation. Impairment of immature divalent and mature trivalent
enzymatic crosslinking and/or an increase in AGEs resulting from
nonenzymatic crosslinking have been proposed as major causes of
bone fragility in states of estrogen deficiency, progressive aging,
hyperhomocysteinemia, and chronic disease states such as diabetes
and renal failure

Such posttranslational modifications play important roles
in the expressions of physiological distinctive functions of
collagen during the differentiation process in tissues [21—
23]. Thus, the Hyl aldehyde (Hyl™“)-derived crosslinks,
dehydro-dihydroxylysinonorleucine (deH-DHLNL) and
dehydro-hydroxylysinonorleucine (deH-HLNL), as well as
their mature forms which include pyridinium and pyrrole
crosslinks, represent the major types of crosslinking pre-
sent in bone.

Various isoforms of LH have been identified (e.g., LH1,
2, and 3) [22]. LH2 and its spliced variant of LH2b are
thought to be crucial enzymes for catalyzing hydroxylation
of the nontriple helical regions or the telopeptide domain,
of collagen molecules [6, 8, 24]. The distinctive expression
of LH2b in osteoblastic cells is crucial to the induction of
the type of enzymatic crosslinking pattern that influences
mineralization of the matrix in bone (Fig. 2) [5, 6, 8, 25].
Helical Lys hydroxylation regulated by LH1 determines
the ratio of pyridinoline (PYD) to deoxypyridinoline
(DPD) and the ratio of pyrrololine (PYL) to
deoxypyrrololine (DPL). Lys hydroxylation of telopeptides
and its associated influence over the formation of Hyl*-
derived crosslinks are due to an upregulation of LH2 ex-
pression and occur before the onset of the mineralization
[5, 6, 8, 25]. Interestingly, an overmodification of Hyl, and
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Fig. 2 The pathways of enzymatic (immature and mature) and
nonenzymatic crosslink formations in collagen. The intracellular
enzyme lysine hydroxylase and extracellular enzyme lysyl oxidase
control the pattern and the quantity of tissue-specific enzymatic
crosslinking. AGEs are formed via nonenzymatic glycation,

an excessive induction of aldehyde-derived crosslink for-
mation has been shown to result in an inhibition of matrix
mineralization and collagen fibrillogenesis in vitro [7, 8].

Pyridinium collagen crosslinks, such as PYD, pre-
dominate in tendon, ligament, and cartilage [9, 11, 15, 17,
18, 26]. In contrast, DPD is relatively specific for calcified
tissue such as human bone [9, 11], dentin [27-29], and
mineralized matrix in osteoblast cell cultures [5, 6, 25, 30,
31]. It has been demonstrated using X-ray diffraction that
the types of collagen crosslinking profiles are associated
with the type of molecular packing that occurs within fib-
rils [19]. For instance, nucleation of calcium apatite crys-
tals starts in gap regions, or in areas adjacent to
crosslinking sites [19].

Lysyl Oxidase and Total Enzymatic Crosslinking

Tissue-specific enzymatic crosslinking patterns are
regulated by LHs, whereas the total amount of enzymatic
crosslinking is controlled by the action of LOX. After
collagen molecules are secreted extracellularly, the ini-
tiation of crosslinking is via conversion of the epsilon (g)-
amino groups of specific Lys and Hyl residues located in
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the telopeptide domains, into their active aldehyde
derivatives, allysine and hydroxyallysine, respectively
(Fig. 2). LOX aggregates collagen molecules into fibers
[32]. Under physiological conditions, excessive formation
of enzymatic crosslinking cannot occur in vitro [6, 8, 25,
30] or in vivo [9-11, 13, 14, 16, 29] because formation of
enzymatic crosslinking is regulated by the expression of
LOX. LOX is a copper metalloenzyme that requires pyri-
doxal phosphate (vitamin B6) and tyrosyl-lysine quinone as
essential cofactors [33, 34]. We have previously demon-
strated that a vitamin B6 deficiency in normal rats induced
a 25% reduction in the formation of LH- and LOX-medi-
ated enzymatic immature crosslinks in bone compared with
rats fed a vitamin-B6-replete diet [35]. It is well known that
a vitamin B6 deficiency commonly occurs in people with
diabetes and has adverse effects on crosslink formation in
this population [36]. However, there is little information
available regarding the regulation of expression and acti-
vation of LOX. Transforming growth factor beta (TGF-f3)
[37], connective tissue growth factor (CTGF) [38], and
insulin-like growth factor 1 (IGF-1) [39] act as positive
regulators of LOX. Estrogen is also a positive regulator of
LOX [40]. LOX activity was shown to decrease by 75 %
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3 days after ovariectomy (OVX) in a mouse model, but
LOX activity was completely rescued by estradiol injec-
tions. Active vitamin D3 such as 1,25-dihydroxyvitamin
D3 (1,25[0OH]2D3) elevated the expression of LOX in an
osteoblastic cell culture system [41]. The other active vi-
tamin D, alfacalcidol, induced enzymatic crosslinking in
the bones of OVXed rats [10]. It is generally thought that
the conversion of enzymatic crosslinks from immature di-
valent to mature trivalent crosslinks occurs via a sponta-
neous reaction in a time-dependent manner. Mechanical
stress may accelerate this conversion rate. Despite the re-
cent findings of an in vitro study using osteoblastic
MC3T3-El cells, low-intensity pulsed ultrasound (LIPUS)
[6] and gravitational load [30] increased not only the lysyl
oxidase mRNA expression and total amount of enzymatic
crosslinks, but also the conversion rate of immature diva-
lent to mature trivalent pyridinium crosslinks. These results
suggest that various types of mechanical stress accelerate
the stabilization of collagen through the conversion of
immature crosslinks to mature pyridinium compounds.
Therefore, it is possible that some as yet unknown factor,
which is regulated by alterations in the mechanical envi-
ronment, including the therapeutic levels of LIPUS and
proper gravitational loading, may thus affect the crosslink
maturation pathway. However, this hypothesis remains to
be proven and thus requires further experimentation.

Reports also exist for compounds that can inhibit LOX.
Homocysteine (HCY) acts as a negative regulator of LOX
[42, 43]. Furthermore, HCY binds to the aldehydic groups
of allysine and hydroxyallysine, which are the precursors
of enzymatic crosslinking, and may inhibit enzymatic
crosslinking [44]. Thus, HCY inhibits LOX activities at
both the gene and protein level. Interestingly, a mildly
hyperhomocysteinemic population was recognized as
having reduced bone quality in terms of collagen crosslink
formation [45, 46]. Other negative regulators of LOX are
fibroblast growth factor (FGF) [47], high doses of
prostaglandin E, [48], and tumor necrosis factor alpha
(TNF-o) [49]. Impaired enzymatic crosslinking induced by
B-aminopropionitrile (BAPN) treatment has inhibited the
differentiation of the osteoblastic cell line MC3T3-E1 and
collagen crosslink formation [50, 51], indicating that en-
zymatic crosslinking itself can adversely affect osteoblastic
differentiation.

Initially, enzymatic crosslinks form as divalent imma-
ture covalent bonds that include deH-DHLNL, deH-HLNL,
and deH-LNL [52]. Specific crosslinking sites in collagen
molecules are at the telopeptidyl Lys aldehydes or allysine
and Hyl aldehydes or hydroxyallysin) located at position 9
in the N-terminal telopeptide and position 16 in the
C-terminal telopeptide, respectively; they react and con-
densate with Lys or Hyl residues located at positions 930
and 87, respectively, in the triple helical region of an

adjacent collagen molecule. A portion of immature diva-
lent crosslinks undergo a spontaneous reaction with another
telopeptidyl Lys or Hyl aldehyde to form mature trivalent
pyridinium or pyrrole crosslinks (Fig. 2). Divalent
crosslinking has been shown to markedly decrease in as-
sociation with the aging in human bone [53], tendon, and
skin [54], as well as in bovine specimens [55].

Pyridinium crosslinking types such as PYD [56] and
DPD [57] are formed via the hydroxyallysine pathway. The
proposed mechanism of pyridinium crosslinking formation
is derived from two divalent immature crosslinks, or via a
rearrangement between a divalent crosslink and a free
hydroxyallysine in another collagen telopeptide [57-59]. In
contrast, the proposed mechanism of pyrrole crosslinking
formation is via condensation of de-HLNL/de-DHLNL and
a reaction with another allysine [60, 61], or by interaction
of two divalent immature crosslinks including deH-HLNL
[62]. The concentration of pyrrole crosslinking varied from
about half to an equivalent concentration to that of PYD in
bone [63]. Enzymatic mature pyrrole crosslinks are equally
important as pyridinium crosslinks. Pyrrole crosslinks are
unstable during acid hydrolysis, and therefore we cannot
measure them using the conventional HPLC method. Be-
cause of the difficulty of the pyrrole measurement, its
function is not clear. Regarding the effect of pyrrole
crosslinks on bone strength, we describe in the section of
“Collagen crosslinking and bone strength”. Since the ma-
jor determinant of the total amount of immature, lysi-
nonorleucine-type and their mature forms such as
pyridinium and pyrrole is lysyl oxidase activity, overall
formation of pyrrole crosslinks might be similar to other
lysyl oxidase-controlled crosslinking.

To elucidate the function of enzymatic crosslinking,
several investigations have focused only on mature triva-
lent crosslinks without accounting for the presence of di-
valent immature crosslinks [64, 65]. Immature
crosslinking, as well as the mature form of crosslinking,
affects the physiological function of bone [5-8, 10-14, 30,
35, 36, 41, 45, 53-55, 66, 67]. Immature crosslinks are
found in bone most frequently, because the conversion rate
of immature into mature forms may be lower than that for
other connective tissues, such as tendons and ligaments [4,
9, 15-19, 21]. The result is that immature crosslinks are
present at 2—4 times the content of mature pyridinium
crosslinks. It was reported that the immature crosslinks in
bone are an independent determinant of bone strength in an
OVXed monkey model [14]. Thus, the immature divalent
enzymatic crosslinks are the major type of collagen
crosslink found in bone tissue. In addition, the relative
amounts of immature crosslinking can reflect changes in
bone metabolic turnover and the effect of an administered
drug(s) with a higher sensitivity than is the case with ma-
ture crosslinking [14, 35, 36, 67]. These observations have
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led to the proposal that a simultaneous estimation of both
immature and mature crosslinks is important for elucidat-
ing the actual dynamic state of enzymatic crosslink for-
mation in bone collagen. Furthermore, the precise
estimation of Lys hydroxylation and its associated dis-
tinctive ratio of Hyl- to Lys-derived enzymatic crosslinking
is also important to elucidate the function of enzymatic
crosslinking in bone.

Enyzmatic immature divalent and mature trivalent
crosslinks and AGEs crosslinking contribute independently
to bone mechanical property. Each crosslinking concen-
tration is normalized by collagen concentration (mol/ mol
of collagen). Quantitative analysis of immature crosslinks
such as DHLNL, HLNL, and LNL is performed by high-
performance liquid chromatography (HPLC) or liquid
chromatography-electrospray ionization mass spectrometry
after reduction by radiolabeled [68, 69] or nonradioactive
[9, 70, 71] borohydride for stabilization of immature re-
ducible crosslinks, followed by acid hydrolysis. In HPLC
analysis without radioisotopes, immature divalent cross-
links are detected by post-column labeling with ninhydrin
[70] or O-phthalaldehyde [9]. Pyridinium crosslinks and
AGEs crosslinking PEN are simultaneously determined by
the same HPLC system using natural fluorescence after
acid hydrolysis of tissue [9, 72—74]. Pyrrole crosslinks are
unstable during acid hydrolysis and therefore cannot be
measured using the conventional HPLC methods. In gen-
eral, detection of pyrroles was achieved by treating with
Ehrlich’s reagent (p-dimethylaminobenzaldehyde) [75].
Determination of the precise concentration of pyrrole in
bone is difficult because of its instability. Because the
major determinant of the total amount of immature divalent
and mature crosslinks is LOX activity, overall formation of
pyrrole crosslinks might be similar to other lysyl oxidase-
controlled crosslinking. Indeed, human bone seems to
contain pyrrole to the same extent as pyridinium crosslinks
[75]. Furthermore, the actual concentration of each cross-
link is used to estimate collagen maturity. The ratio of total
pyridinium crosslinks (Pyr + Dpyr) to immature crosslinks
(DHLNL + HLNL + LNL) was reported as collagen
maturation index [13, 36, 45]. In terms of collagen matu-
rity, the relative crosslinking ratio of PYD/DHLNL esti-
mated by the wavelength ratio 1660/1690 cm™' using
raman spectrometry and Fourier transform-infrared (FTIR)
microspectroscopy has been reported to estimate collagen
maturation without the actual content of each enzymatic
and AGEs crosslink being indicated. Recently, Farlay et al.
[76] evaluated whether the ratio of PYD/DHLNL deter-
mined by 1660/1690 cm™' using spectrometry such as
Raman analysis and FTIR reflected the actual collagen
crosslinking ratio. PYD/DHLNL crosslinks were measured
biochemically using conventional HPLC and compared
with the 1660/1690 cm™' band ratio. They concluded that
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the 1660/1690 cm™' ratio was not related to the PYD/
DHLNL crosslinking ratio, but increased with bone min-
eral maturity. The change in this ratio could be due to a
modification of the collagen’s secondary structure related
to the mineralization process. To date, there have been no
reports to contradict this theory. Therefore, it has become
necessary to investigate human bone biopsies bio-
chemically using HPLC in order to measure the content of
each enzymatic crosslink. A further consideration may be
needed regarding the estimation of collagen maturity using
FTIR [77].

Nonenzymatic Crosslink Formation—AGEs

Crosslinking in collagen that accumulates via nonenzy-
matic AGEs in bone is indicative of the adverse effects on
both cellular functions, via activation of the receptors for
AGEs (RAGEs), and on bone material properties [78]
(Figs. 1, 2). AGEs are classified as either noncrosslinking
or crosslinking types (Fig. 2).

Lysine or arginine residue in collagen molecule is a
precursor of noncrosslinking and crosslinking AGEs [79].
The initial step of AGE formation involves the aldehyde of
an open chain form of glucose, ketose, or some other
metabolic intermediates (e.g., glyoxal, methylglyoxal, and
3-deoxyglucosone) reacting with a free e-amino group of a
collagen-bound Lys or Hyl to form a chemically unstable
Schiff base, glycosyl-Lys [80]. The hexosyl Lys or Hyl is
subsequently made more stable by a spontaneous Amadori
rearrangement. A carbonyl group is then generated by the
oxidation of Amadori adduct. If this carbonyl group reacts
with a hydroxyl group, such as lysine and arginine, then
noncrosslinking type AGEs, such as carboxyl methyl lysine
(CML), may be generated in the collagen molecule. In
contrast, when a carbonyl group binds to amino acids in
adjacent collagen molecules, then crosslinking AGEs, such
as pentosidine (PEN), will be formed [81, 82]. To date, the
determinant generating noncrosslinking and crosslinking
remains to be elucidated.

PEN is a well-established fluorescent intermolecular
AGE that forms crosslinks in various connective tissues as
well as in bone collagen [83, 84]. There are no data
available to definitely confirm whether other AGEs are
formed in human bone collagen. These include ves-
perlysine [85] identified from bovine serum albumin in
which AGEs were induced by the Maillard reaction with a
sugar; nonfluorescent component-1 (NFC-1) identified
from aorta [86]; and nonfluorescent glucosepane [87].

Although PEN has been used as a surrogate marker of
total AGESs, estimation of accumulated AGEs based on
PEN content has a limitation. PEN forms one crosslink per
several hundred collagen molecules; therefore, it may have
little effect on the mechanical properties of the collagen
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fibers. Although PEN is just one of many AGEs in bone,
the measurement of PEN in bone is a common quantifi-
cation method, because PEN can be easily and precisely
quantified by HPLC in small specimens [9, 72-74]. Karim
et al. [88] reported a significant relationship between the
PEN content and the bulk fluorescence used to detect all
AGEs by immunohistochemistry; they also described a
fluorescence detection method which allowed for deter-
mination of the total AGE content, including both the
crosslinking and noncrosslinking types, in bone. We also
showed the similar relationship between the concentrations
of total AGEs and PEN in primate vertebral bone [89]

This result suggested that the pathway for their forma-
tion may be similar, and PEN may be a useful surrogate
marker of all fluorescent types of AGEs in bone. PEN is a
Lys-arginine (Arg) covalent bond between adjacent colla-
gen fibers, and its content is often used as a surrogate
marker of the estimated total amount of AGEs in me-
chanical testing studies [13, 14, 36, 45, 64, 65, 90-93]. In
contrast, the collagen crosslink glucosepane, a prominent
nonfluorescent AGE, is an acid-labile Lys-Arg. Because
structural similarities exist between PEN and glucosepane,
the crosslinks of these two AGEs are formed by a parallel
mechanism [94]. However, to date, there is no information
on whether glucosepane forms in human bone. The AGE
PEN is formed between helical Lys and Arg without in-
volvement of the telopeptides. An increase in interhelical
crosslinking via AGE-derived bonds such as PEN results in
tissue brittleness and resistance to solubilization by pepsin
[95, 96]. PEN has also been implicated in the induction of
osteoblastic dysfunction [97]. Thus, crosslinking AGEs
may have unfavorable effects on bone strength via the in-
duction of cellular dysfunction and also due to collagen
structural aspects. Crosslinking AGEs such as PEN,
crossline, and pyrropyridine, have natural fluorescence,
whereas noncrosslinking AGEs do not fluoresce except GA
pyridine. Because there is no report regarding the existence
of GA pyridine in bone, the determination of concentration
of total fluorescent AGEs in bone is suitable for estimating
accumulation of crosslinking AGEs in bone.

In contrast to crosslinking AGEs, there is no direct ex-
perimental evidence linking noncrosslinking AGEs with
changes in the collagen fibril mechanical properties. In
general, noncrosslinking AGEs cause a reduced bone
strength via cellular dysfunction rather than due to struc-
tural aspects. Noncrosslinking AGEs such as car-
boxymethyl lysine (CML) have been shown to adversely
affect the osteoblastic function via their interaction with the
cell surface receptor for AGEs (RAGE) [98-100]. CML
directly downregulates the activity of LOX.

Using primary osteoblast cultures, Khosravi et al. [101]
determined that the lysyl oxidase protein was regulated by
type I collagen and collagen was modified by CML-

collagen. Data indicate that nonglycated collagen upregu-
lates lysyl oxidase concentrations in primary osteoblast
cultures, while CML-collagen fails to regulate lysyl oxi-
dase in these cells. An important finding showed that col-
lagen glycation disrupted collagen binding to, and
activation of, the Discoidin Domain Receptor-2 (DDR2),
representing a mechanism for the diminished levels of lysyl
oxidase and consequently impaired enzymatic crosslinking.

The roles of AGEs on bone resorption by osteoclastic
activity are controversial. A nonhistone nuclear protein,
high-mobility group box 1 (HMGB1), is released from bone
marrow macrophages in response to the receptor activator
of nuclear factor kappa-B ligand (RANKL) stimulation.
Predominantly via RAGE, the extracellular HMGBI1 reg-
ulates osteoclastic actin cytoskeleton remodeling, differ-
entiation, and function [102]. Thus, AGEs may increase
osteoclast activity [103]. These results are consistent with
other evidence showing that an excessive accumulation of
AGE:s occurs in the bone of patients with postmenopausal
osteoporosis [13, 45] and chronic renal failure [104] who
have a high turnover of bone. However, an opposite con-
clusion was reported in an in vitro study using mature os-
teoclasts from rabbits and humans [105]. This result seems
to explain the increased formation of AGEs in the bones
from animal models of types 1 and 2 diabetes which show a
low rate of bone turnover [36, 92], and in patients with type
2 diabetes [106], who also exhibit a low rate of bone turn-
over. The accumulation of AGEs in bone occurs in low
turnover bone, such as in models of diabetes. Because
in vivo and in vivo studies have demonstrated that an in-
crease in AGEs in bone occurs both in low turnover bone
and also in high turnover bone, AGEs may not play a crucial
role in the regulation of bone remodeling.

The accumulation of AGEs in the matrix of tissues de-
pends on the lifespan of the tissue which is regulated by
turnover rates under physiological conditions [91, 107,
108]. Furthermore, a chronic increase in the circulating
concentrations of blood sugars as a consequence of poor
glycemic control, such as occurs in individuals with dia-
betes mellitus, can increase AGE formation in bone [36,
92]. Not only poor glycemic control and prolonged tissue
life span, but also oxidative stress can result in excessive
accumulation of AGE crosslinks in bone [109]. We have
previously demonstrated that bone from Sodl™~ mice
deficient in cytoplasmic copper/zinc superoxide dismutase
(CuZn-Sod, encoded by Sodl) exhibit impaired enzymatic
crosslinking and a marked accumulation of AGEs [110]
(Fig. 3). Because hyperhomocysteinemia contributes to
increased oxidative stress [111], hyperhomocysteinemia
may also induce the excessive formation of AGEs in bone.
Hyperhomocysteinemia in rabbits, induced by feeding
them a methionine-enriched diet, exhibited a significant
increase in the formation of AGEs in their bones [112].
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Fig. 3 Impaired enzymatic crosslinking and excessive formation of
the AGE crosslink pentosidine in Sod/—deficient mice. a The
concentration of enzymatic mature pyridinium crosslinking in the
femoral bone of Sod! ™'~ and SodI™* male mice. b The concentra-
tion of pentosidine in the femoral bone of Sodl ™'~ and SodI " male
mice. ¢ The total collagen content (percentage of tissue dry weight) in
the femoral bone of SodI '~ and SodI ™"+ male mice. d Bone stiffness
measurement using a bone strength tester in the femoral bone of a
male rat. (Nojiri et al. [110] with permission)

Because AGE formation is regulated by the concentra-
tion of glycation products and/or oxidative stress, excessive
crosslinking by AGEs occurs even when the bone turnover

@ Springer

rate is not low and euglycemia is achieved [13, 14, 45,
104]. We demonstrated that cortical [13] and cancellous
[45] bone samples from patients with primary osteoporosis,
but without diabetes or renal failure, exhibiting a high rate
of bone turnover as estimated by urinary DPD concentra-
tions, contained significantly higher concentrations of
AGEs; PEN crosslinks had increased in newly formed
young osteons as well as in old osteons. PEN was also
markedly elevated in both the plasma protein and skin
collagen fibers of uremic patients regardless of their gly-
cemic status or tissue turnover rate, likely due to the in-
creased oxidative stress induced by renal dysfunction
[113].

Glycated hemoglobin cannot reflect the AGEs induced
by oxidative stress. Kalninova et al. [114] reported the
levels of AGEs to remain significantly elevated in com-
parison with healthy controls, despite the presence of good
glycemic compensation as estimated by the glycated he-
moglobin level in patients with type 2 diabetes mellitus.
Furthermore, Okazaki et al., [115] demonstrated that
AGEs, but not high glucose, may inhibit the osteoblastic
differentiation of stromal cells by decreasing the osterix
expression and partly by increasing the RAGE expression,
as well as inhibiting cell growth and increasing cell
apoptosis, thereby indicating that AGEs directly impair the
cellular function independent of high glucose levels. When
evaluating AGE accumulation in bone, glycated he-
moglobin, which is an average measure of blood glucose
over the past 2-3 months, both the amount of oxidative
stress and the signaling cascades activated after AGE-
RAGE interactions should be taken into consideration.

Collagen Crosslinking and Bone Strength

Enzymatic and nonenzymatic crosslinks are determinants of
the tensile strength, toughness, and postyield properties in
bone. A reduction of LOX activity instigated by lathyrogens
such as BAPN, a vitamin B6 deficiency, or a copper defi-
ciency, impairs enzymatic crosslinking, resulting in a de-
crease of bone strength. Recently, McNerny et al. [116]
demonstrated that lathyrism in C57B16 mice altered enzy-
matic collagen crosslinking, which is important to bone
quality as evidenced by losses of bone strength following
LOX inhibition via treatment with 150 or 350 mg kg™'
BAPN for 3 weeks. These young growing mice exhibited
both significantly reduced pyridinium crosslinking and cor-
tical bone fracture toughness. Ratios reflecting relative
crosslink maturity were positive regressors of fracture
toughness (PYD/[DHLNL + HLNL]: * = 0.208, p < 0.05;
[PYD + DPD/[DHNL + HLNL]: /= 0.196, p <O0.1],
whereas the content of mature pyridinium crosslinking cor-
related significantly with tissue strength (PYD: r* = 0.159,
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p = 0.014; DPD: /* = 0.112, p < 0.05). Because there was
no information of the AGEs in this study, the differential
contribution of various AGEs to bone strength is not clear.

Oxlund et al. [117] had a similar result using growing
10-weeks-old rats. Treatment with BAPN for 1 month in-
duced a 45 % reduction in pyridinium crosslinking, re-
sulting in a 26 and 30 % reduction in the bending strength
and elastic modulus, respectively, of rat femoral diaphyses
compared with nontreated control rats; however, no in-
formation regarding the immature crosslinks and AGEs
was made available.

Another similar result was reported in copper-deficient
chicks; a reduction in the ultimate torsional strength of
their bones appeared to be related to a decrease in LOX
activity and a decrease in the concentrations of immature
divalent crosslinks such as deH-DHLNL, deH-HLNL, and
deH-LNL, although there was no information disclosed
about mature trivalent crosslinking [118]. The role of im-
mature divalent crosslinking on bone strength as well as
mature crosslinks was reported in a preclinical study using
a type 2 diabetic rat model. We noted a marked reduction
in enzymatic immature divalent crosslinking without a
corresponding reduction in the mature trivalent pyridinium
crosslinks, and these findings were accompanied by a 25 %
decrease in stiffness and elastic modulus that were inde-
pendent of bone mineral density (BMD) in femoral bone
[36]. Therefore, immature divalent crosslinking, which is
the predominant type of crosslink in bone collagen, may
play an important role in the mechanical properties of
bone. Knott et al. [119] demonstrated that pyrrole
crosslinking, as well as the immature divalent crosslinks,
correlated positively to bone strength in avian cortical
bones. However, pyrrole crosslinking does not necessarily
affect the strength of bone in humans, while the concen-
tration of pyridinium crosslinks and the ratio of PYD/DPD
correlated positively with the stiffness and ultimate strain
in bone [63]. The ratio of PYD/DPD may be explained by
the different extent of Lys hydroxylation as described
previously. However, pyrrole crosslinking may affect the
material properties [63] because its concentration can vary,
ranging from about half to the equivalent of that of PYD in
bone.

We have reported that enzymatic crosslink formation is
regulated not only by LOX activity, but also by noncol-
lagenous proteins that bind collagen and regulate collagen
fibrillogenesis [120—-122]. Periostin, the noncollagenous ma-
trix protein, seems to promote the formation of regular en-
zymatic crosslinks. Recently, we demonstrated that the
binding of periostin to type I collagen regulated the forma-
tion of enzymatic crosslinks and the subsequent fibrilloge-
nesis of collagen molecules [120]. However, periostin
knockout mice exhibit significantly thinner collagen fibril

diameters and impaired enzymatic crosslinking, resulting in
decreased tissue mechanical integrity. Moreover, other types
of type I collagen binding proteins, such as the small leucine-
rich proteoglycans (SLRPs) that regulate collagen assembly,
also act as regulators of enzymatic crosslinking [123, 124].

It has been clearly demonstrated that the excessive
formation and accumulation of AGE crosslinks in bone
induced via incubation with a sugar solution imparts brit-
tleness to collagen fibers; this can lead to the accumulation
of microdamage which results in deterioration of the
postyield properties and toughness of bone [79, 125, 126].
Because these in vitro incubation studies exclude the effect
of AGEs on tissue cellular activities and maintain a con-
stant bone architecture and BMD, it seems to suggest that
AGE crosslinking itself may deteriorate bone mechanical
strength at a material level. In vivo studies from human and
animal specimens also demonstrate that AGE crosslinking
is an independent determinant of bone mechanical prop-
erty, particularly of the postyield properties and toughness
[64, 91, 93, 107, 127, 128]. Studies that have investigated
the correlation between bone strength and collagen
crosslinking were limited to acquisition of data related to
the actual concentration of mature enzymatic and/or AGE
crosslinks and did not account for the presence of immature
divalent crosslinks. Some studies only perform an evalua-
tion of AGE:s.

Because immature divalent and mature trivalent pyri-
dinium and pyrrole crosslinks, as well as AGE crosslinks
such as PEN and glucosepane, may also affect the me-
chanical functions of bone, measurement of these cross-
links may therefore help to elucidate the actual role of
collagen crosslinking as a determinant of bone strength. To
clarify the independent contribution made by crosslinking,
mineralization, and bone architecture to bone strength were
analyzed simultaneously. Parameters that were determi-
nants of the strength and mechanical properties of bone
were measured after once-weekly treatment with hPTH
1-34 for 18 months in an OVXed primate model [14]. The
most powerful determinant of both ultimate load and
breaking energy was bone volume, followed in second
place by the concentration of immature enzymatic divalent
crosslinks. The most powerful determinant of bone stiff-
ness was the concentration of the immature enzymatic di-
valent crosslinks.

We analyzed the relationships between collagen cross-
link parameters and bone mechanical properties in the
diabetic WBN/Kob rats [36]. The actual concentration of
total enzymatic crosslinks, (the sum of immature and ma-
ture crosslinks) was modestly associated with stiffness and
the elastic modulus in bone, whereas the concentration of
PEN and the ratio of PEN to total enzymatic crosslinks
were significantly associated not only with bone stiffness
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and elastic modulus, but also its energy absorption and
maximum load. Interestingly, based on the regression
analysis, the ratio of PEN to total enzymatic crosslinks as
an indicator of imbalance between AGEs and enzymatic
crosslink formation was more consistent with bone me-
chanical properties than were the total enzymatic crosslinks
or PEN alone. Therefore, analysis of bone strength and its
various determinants in the same bone specimen is advis-
able to enable elucidation of the contribution of the bone
architecture and material properties to bone strength.

Age-Related Changes in Enzymatic and AGE
Crosslinks

Age-related alterations that affect crosslinking, character-
ized by increased stability during thermal denaturation and
solubilization with pepsin, may be the cause of the increase
in bone fragility that occurs with aging [64, 66, 96, 129,
130]. Collagen content (% of tissue weight) in human bone
reaches a maximum in adolescence and gradually de-
creases thereafter [96, 131]. Fujii et al. [53] have reported
an age-related decrease in immature divalent crosslinking
(the sum of deH-DHLNL, deH-HLNL, and deH-LNL) in
human femoral bone ranging from 3 to 89 years in age. A
portion of immature crosslinks convert gradually into ma-
ture trivalent crosslinks. Eyre at al. [11] have also reported
similar changes attributable to the aging of immature di-
valent crosslinks and mature pyridinium crosslinking in
femoral cortical and cancellous bone from human subjects
ranging in age from 1 month to 80 years. Although im-
mature divalent crosslink content was relatively lower at or
below 25 years of age than younger age, significant
amounts remain throughout adult life. Moreover, the
amount of immature divalent crosslinking was significantly
higher than that of mature pyridinium crosslinking. The
amount of mature pyridinium crosslinking reached a
maximum by the age of 10-15 years and then remained in
the same range throughout adult life. Bailey et al. [131]
have shown no significant age-related changes in the col-
lagen content of pyrrole crosslinks in human cancellous
bone from the iliums of females aged from 18 to 96 years
and males aged from 23 to 92 years with no significant
difference detected between genders. Interestingly, the
same group and Zioupos et al. [129] demonstrated that age-
related reductions in bone strength, such as maximum
stress, Young’s modulus, energy absorption, and toughness
did not correlate with the amount of mature trivalent en-
zymatic crosslinking. However, these studies were limited
to estimation of enzymatic crosslinks in bone. To charac-
terize and elucidate the role of age-related changes in bone
strength, senescent crosslinks of collagen, or AGEs, should
also be estimated in the same bone specimen.
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Because enzymatic crosslinking alone cannot explain
the age-related reduction in bone strength during the aging
process, an analysis of crosslinking by AGEs such as PEN,
is needed. In our first report of an age-related increase in
PEN, an assessment was made in human femoral bone
from healthy male subjects ranging in age from 1 month to
83 years old, and we determined the PEN content ranged
from 4 to 10 times higher at 50 years of age than it was at
10 years of age [9]. Odetti et al. [132] also showed a sig-
nificant age-related increase in PEN content in cortical and
cancellous bone from female and male subjects. However,
in their study, the age-related accumulation of PEN in
cancellous bone did not reach statistical significance. Be-
cause they obtained bone specimens from joints showing
signs of osteoarthritis and from subjects that had fractures
at the time, such samples may have displayed differences
in terms of the local bone turnover rate and crosslink for-
mation [133]. In contrast, other reports in the literature of
human bone biopsies used bone specimens without sub-
chondral bone, specimens from subjects with renal failure,
diabetes, and/or osteoarthritis.

Age-related increases in the PEN content of human
bones may be a determinant of bone strength, particularly
in relation to postyield properties and toughness. Wang
et al. [64] reported a correlation between collagen cross-
links composed of enzymatically formed mature pyridini-
um crosslinks as well as the nonenzymatically formed PEN
in the femoral bones from 30 human cadavers that ranged
from 19 to 89 years of age, and measured their bone
strength. PEN formation correlated with a decrease in
strength, work to fracture, and the fracture toughness of
bone. Nyman et al. [128] demonstrated that the content of
PEN and collagen in bone provided an explanatory
mechanism for the age-related decrease in postyield energy
dissipation. Among AGEs, PEN concentration made the
greatest contribution to plastic strain energy and provided
the best explanation for damage accumulation, indicating
that crosslinking resulting from AGE formation may be an
independent determinant of the age-related increase in
bone fragility.

Collagen crosslinking may differ according to location
and may be related to the distinct function of bone at each
site. There is a significant difference in collagen crosslink
formation profiles among long bones, mandibular bones,
and flat bones such as calvaria. This difference seems to be
attributable to the different bone turnover rates at these
sites. A comparison study of the calvarial flat bones and
long bones in mice revealed that calvarial collagen is more
soluble during chemical digestion by pepsin, matrix met-
alloproteinase (MMP), and cathepsin K, probably as a re-
sult of differences in the crosslinking profiles [134]. Mature
pyridinium crosslinks were formed in higher amounts in
collagen from long bones than in calvarial collagen,
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whereas the reverse was evident for PEN. Although the
calvariae had a twofold higher concentration of PEN than
that found in the long bone, calvarial collagen was more
soluble than long bone, and this was an unexpected finding.
A plausible explanation for this phenomenon may be that
the contribution of PEN to chemical digestion may be less
than that of pyridinium crosslinks in rodents because the
PEN concentration in rodent bone is lower than that ob-
served in human bone [9, 36, 64, 92, 110].

Mandibular bones have been shown to contain more
immature collagen crosslinks, and fewer mature crosslinks,
than long bones, which is due to a higher rate of bone
turnover in the mandible than at long bone sites [135].

Under physiological conditions, mechanical loading is
well known to be affected by bone size and bone strength.
Gravitational loading has been shown to increase the ex-
pression of LOX and increase its enzymatic activity, which
induced the formation of mature pyridinium crosslinks in
osteoblastic MC3T3-E1 cells. In contrast, MC3T3-E1 cells
cultured under simulated microgravity have exhibited a re-
duction in LOX activity and enzymatic crosslink formation.
Under both conditions, PEN was not detected in the cell
layer matrix [30]. We have demonstrated that site-specific
age-related changes occur in collagen content and crosslink
formation in non-weightbearing and weightbearing bones
from human subjects [78, 96]. Cortical bone was obtained
from 40 healthy male subjects ranging in age from 0 month
to 84 years. Non-weightbearing bones such as the proximal
humerus, distal radius, and ilium, as well as weightbearing
bone sites such as the femur neck, mid-tibia, and the fourth
lumbar vertebral body were analyzed. Collagen content
reached a maximum in the second decade of life in
weightbearing bones, whereas in non-weightbearing bones,
the maximum was reached in the third decade of life and
decreased thereafter. A significant reduction in immature
crosslinking was evident from birth up to the first decade of
life in weightbearing bones and up to the second decade in
non-weightbearing bones. Mature pyridinium crosslinking
content was significantly higher in weightbearing bones than
in non-weightbearing bones from the first to the fourth
decades of life. In contrast, there was no difference in PEN
contents between weightbearing and non-weightbearing
bones. Physiological mechanical loading may accelerate the
stabilization of collagen through the conversion of immature
crosslinks to mature crosslinks, indicating the collagen
metabolism inherent at different sites is influenced by me-
chanical stress associated with everyday functions. Isakas-
son et al. [136] used growing male mice to demonstrate that
increased bone loading caused by running reduced bone
collagen PEN content, although statistical significance was
marginal. Therefore, physiological loading and exercise
such as running may have a favorable effect on the formation
of collagen crosslinks in bone.

Crosslinking Abnormalities Associated
with Diseases

Data have accumulated to indicate that enzymatic and
nonenzymatic collagen crosslinking abnormalities exist
under pathological conditions such as osteoporosis [13, 66,
112, 137], mild hyperhomocysteinemia [45, 46, 112], dia-
betes mellitus [36, 92], chronic kidney disease [104, 138],
inflammatory bowel disease (IBD) [139], and when glu-
cocorticoids are used [67].

Osteoporosis

Postmenopausal women with primary osteoporosis are
characterized by an unacceptably low BMD, and in cases
of hip fracture, exhibit significantly reduced concentrations
of immature and mature enzymatic crosslinks, including
pyridinium, as well as excessive concentrations of PEN and
an increase in the hydroxylation of Lys residues in bone
compared with age-matched subjects without osteoporosis
[13]. Similar crosslink abnormalities are induced by OVX
in a monkey model [14]. Overhydroxylation of Lys resi-
dues and qualitative crosslinking abnormalities such as
impaired enzymatic crosslinking and excessive accumula-
tion of AGEs may be due to an estrogen deficiency that
causes a higher rate of bone turnover and increases Lys
hydroxylation [21] as estrogen acts as a positive regulator
of LOX [40]. Furthermore, estrogen deficiency has been
shown to reduce the activity of superoxide dismutase
(SOD), resulting in an increase in oxidative stress [140].
We have demonstrated that AGE crosslinks such as PEN
are formed excessively, and immature and mature enzy-
matic crosslinks such as pyridinium are impaired, causing a
reduction in the bone strength of SOD knockout mice [110]
(Fig. 3). Therefore, an increase in oxidative stress induced
by aging, estrogen deficiency, and some diseases may play
a central role in the deterioration of collagen crosslinking
in body tissues. It is noteworthy that the PEN content in
bones from patients with osteoporotic femoral neck frac-
tures was significantly higher than in age-matched subjects
without osteoporosis; this was the case even in younger
osteons, suggesting that accelerated AGE crosslink for-
mation occurred, even in the newly formed collagen [45].
These patients who sustained hip fractures did not have
diabetes; however, because they had a higher rate of bone
turnover, as estimated by urinary excretion of DPD, an
increase in oxidative stress may have been the cause of the
excessive formation of PEN in young osteons as well as
older osteons. Not only estrogen deficiency, but also other
factors that can increase oxidative stress such as hyperho-
mocysteinemia, may be a cause of the increase in PEN
formation [141]. A moderately increased plasma concen-
tration of homocysteine (HCY) in the general population
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may be prognostic of a fracture risk that is independent of
BMD [4, 142-144]. Lubec proposed that hyperhomocys-
teinemia might interfere with normal enzymatic collagen
crosslink formation based on the analysis of bone turnover
markers [145]. We were the first to report a case-controlled
study in which there was a significant reduction in the
actual amount of enzymatic crosslinking, both immature
and mature pyridinium crosslinks, and a significant in-
crease in the AGE crosslink PEN, in the bones from pa-
tients who had postmenopausal osteoporotic hip fractures,
moderately elevated plasma HCY, and a vitamin B6 in-
sufficiency [45] (Fig. 4). However, this was a cross-sec-
tional study, and therefore it could not be determined
whether HCY caused collagen crosslinking abnormalities.
To elucidate this issue, we investigated whether hyperho-
mocysteinemia affects the actual content of enzymatic and
nonezymatic (PEN) crosslinks in bone in rabbits fed a
methionine-enriched diet to induce hyperhomocysteinemia
[112]. This study demonstrated that hyperhomocysteinemia
reduced bone toughness, independent of BMD, via a re-
duction in enzymatic crosslinking and an increase in the
PEN in bone, with or without an estrogen deficiency [112].
HCY interferes with enzymatic crosslinking by inhibiting
the enzymatic activity of LOX [42, 44]. Because the HCY
that accumulated specifically bound to the collagen in bone
compared with heart tissue, the adverse effects of hyper-
homocysteinemia on collagen crosslinking may also
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Fig. 4 Mild hyperhomocysteinemia and a vitamin B6 insufficiency
can deteriorate collagen crosslinking in both young and old osteons.
Twenty-five female intracapsular hip fracture cases (78 £ 6 years)
and 25 age-matched postmortem controls (77 £ 6 years) were
analyzed. The less mineralized, low-density bone fraction represents
newly formed young bone, whereas the more highly mineralized,
high-density bone fraction represents older bone. In cases with
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predominate in bone collagen using a hyperhomocys-
teinemia-induced rat [146]. These results support our pre-
viously reported clinical studies including a 5-years
prospective study of 502 postmenopausal women with
moderate hyperhomocysteinemia [142]. Moderate hyper-
homocysteinemia induced by a TT genotype of the
methylenetetrahydrofolate reductase (MTHFR) polymor-
phism (C677T) in postmenopausal women was indepen-
dent of fracture risk [142].

Diabetes Mellitus

Fracture risks in patients with type 1 or 2 diabetes have
been shown to be significantly increased by an increment
higher than what can be explained by a reduction in BMD.
Thus, both types of diabetes may be associated with a re-
duction in vertebral and femoral neck bone strength, which
does not necessarily reflect what might be expected based
on their BMD [147]. Therefore, diabetes may deteriorate
bone collagen crosslinking as well as bone mass and BMD
(Fig. 5). Recently, Zucker Diabetic Sprague-Dawley rats
showed a different distribution of collagen D-spacing than
nondiabetic rats in which distributions were more variable
and shifted to higher values; however, no information was
available with respect to collagen crosslinking [148]. Little
is known about the abnormalities of enzymatic collagen
crosslinks, including immature and mature crosslinks and
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fractures, not only reduced enzymatic crosslinks in high-density bone
and increased pentosidine in both low- and high-density bones, but
also higher plasma homocysteine and lower pyridoxal levels were
evident compared with the controls. Enzymatic crosslinking content:
the sum of DHLNL + HLNL + LNL 4 PYD + DPD (Saito et al.
[45] with permission)
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AGEs in relation to the pathology of diabetes. While
quantitative and qualitative changes are known to occur in
collagen as a result of diabetes, these are influenced by many
factors including age of onset, disease duration, insulin
status, and glycemic control, suggesting a suitable animal
model for type 1 and type 2 diabetes is required to analyze
bone collagen crosslinking under these circumstances [36,
92, 149]. Tomasek et al. [149] were the first to report that
streptozotocin-induced type 1 diabetes exhibited an increase
in collagen-linked fluorescence (an indicator of AGEs) that
was coincident with reduced bone strength, Silva et al. [92]
demonstrated in streptozotocin-induced type 1 diabetic rats
that increased PEN, trabecular bone loss, and impaired
diaphyseal growth occurred without any alteration in the
content of mature enzymatic pyridinium crosslinks or col-
lagen content. An increase in the AGE crosslink PEN has
been shown to reduce the material property of bone in type 1
diabetes in rats. With respect to type 2 diabetes, we have
demonstrated that impaired enzymatic crosslinking, in im-
mature divalent enzymatic crosslinks, without a change in
pyridinium crosslinks but with excessive formation of PEN
in bone, decreased femoral bone strength without any al-
teration of collagen content and BMD in spontaneously
diabetic WBN/Kob rats [36]. Immature enzymatic divalent
crosslinking was impaired, even in the prediabetic stage, and
this resulted in a reduction in bone strength without a change
in BMD and AGE crosslinks. It is generally thought that the
conversion of crosslinks from immature divalent to mature
trivalent crosslinks occurs via a spontaneous reaction in a
time-dependent manner. While serum osteocalcin and uri-
nary excretion of DPD were significantly lower in the WBN/
Kob rats in a prediabetic state, bone turnover may have been
lower in the WBN/Kob rats than in the nondiabetic Wistar
rats used as a comparison. Thus, the prolonged lifespan of
the bone collagen in the WBN/Kob rats may contribute to

Fig. 5 A plausible mechanism
for poor bone material
properties in cases of diabetes.
In diabetes, a vitamin B6
insufficiency, and increases in
oxidative stress, glycation, and
homocysteine may decrease
lysyl oxidase (LOX) activity
and increase the formation of
AGEs. Such collagen
crosslinking abnormalities can
induce cellular dysfunction

Gluconeogenesis

Lysyl oxidase (LOX)

*reduced gene expression
**Hcys binds competitively to
enzymatic crosslinking site.

the time-dependent enzymatic maturation as immature
forms react and form mature pyridinium crosslinks. The
impairment of immature divalent crosslinking may be due to
vitamin B6 deficiency. Vitamin B6 is essential to the acti-
vation of LOX [33]. Serum concentrations of vitamin B6,
such as pyridoxal, pyridoxamine, and pyridoxine in WBN/
Kob rats, have been shown to be decreased after they reach
6 months of age, and they were also significantly lower than
those in the 6-months-old or older nondiabetic rats. The
concentration of immature enzymatic crosslinks was sig-
nificantly associated with vitamin B6 concentrations,
whereas the concentration of PEN was only modestly as-
sociated with blood glucose and serum vitamin B6 con-
centrations in the prediabetic stage in these rats. A vitamin
B6 deficiency has been shown to occur in response to an
upregulation of gluconeogenesis in both prediabetic and
diabetic stages, and a latent deficiency of vitamin B6 may
cause impaired LOX-dependent immature crosslinking
(Fig. 5). Gluconeogenesis is a pathway to generate glucose
from noncarbohydrate carbon substrates. After the onset of
frank diabetes, immature divalent crosslinking was con-
tinuously reduced, and PEN markedly increased; these
changes were consistent with a significant reduction in bone
strength parameters, including stiffness, energy absorption,
and maximum load, compared with nondiabetic Wistar rats,
despite no change in both collagen content and BMD. Type 2
diabetes also increases both plasma concentrations of HCY
and oxidative stress which can result in arteriosclerosis [150,
151]. Thus, hyperhomocysteinemia and oxidative stress in a
state of diabetes may induce the additive adverse effect of
nonenzymatic crosslink formation. Aberrant crosslinking
patterns, as have been shown to occur in rodent models of
types 1 and 2 diabetes, may result in accelerated bone
fragility without any accompanying change in BMD (Fig. 5;
Table 1).

Collagen crosslinking abnormality in Diabetes

Oxidative stress  Hyperglycemia

Vitamin B6 deficiency*

Homocysteine
(Hcys**)

Decreased enzymatic

crosslinking

Increased AGEs crosslinking
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Chronic Kidney Disease

It is well known that the fracture risk of a patient with renal
failure (chronic kidney disease) is increased [152, 153].
Both their BMD and bone material properties are at-
tenuated in CKD. We have performed transiliac bone
biopsies on 22 dialysis patients (mean age 56 £ 9 years)
with CKD and severe secondary hyperparathyroidism and
proceeded to measure immature and mature enzymatic
crosslinks as well as the AGE PEN. At the same time,
dynamic bone histomorphometry was evaluated [104].
Collagen crosslinking data were compared with 17 age-
matched non-CKD subjects (mean age 58 £ 8 years). The
concentration of immature divalent crosslinking in CKD
patients was similar to non-CKD subjects, whereas the
concentration of mature trivalent pyridinium forms in
dialysis patients was significantly lower than in that in non-
CKD subjects. Interestingly, the sum of immature and
mature crosslinks was positively correlated with intact
PTH in plasma. PTH increased the expression of LOX via
platelet-derived growth factor-A (PDGFA) in the bones of
subjects with hyperparathyroidism [154]. In end-stage re-
nal disease, although increased oxidative stress caused by
renal dysfunction accelerates the formation of AGE
crosslinking. PEN has been shown to be remarkably in-
creased in dialysis patients, and was inversely correlated
with bone-formation rate/bone volume and mineral appo-
sition rate, suggesting that collagen AGE crosslinking is
strongly associated with disorders of bone metabolism in
dialysis patients with hyperparathyroidism. Aoki et al.
[138] have demonstrated that the suppression of osteoblast
differentiation and the decreased activation of LOX pro-
teins associated with accumulation of AGEs in osteoblasts
caused both structural abnormalities in bone collagen fib-
rils and a severe mineralization disorder; however, no in-
formation was provided concerning the actual formation of
LOX-controlled crosslinking in rats with hyperthyroidism
induced via adenine. In contrast, there is no report about

the actual content of enzymatic (immature divalent and
mature trivalent) crosslinking, or of nonenzymatic (AGE)
crosslinks in adynamic bones from patients with end-stage
renal disease without hyperparathyroidism. Furthermore,
the quantitative analyses of collagen and crosslink forma-
tion are needed at stages 2—4 of CKD as well as for end-
stage of renal disease because oxidative stress, HCY, and
fracture risk are increased as a result of this pathology
[155-157]. Hyperhomocysteinemia and oxidative stress in
CKD may show an additive adverse effect on crosslink
formation.

Inflammatory Bowel Disease

Inflammatory bowel diseases (IBD), such as ulcerative
colitis and Crohn’s disease, are often associated with sev-
ere osteoporosis in both children and adults. Although the
basic etiology of IBD is unknown, there are several factors
that may contribute to the pathogenesis of this disease,
such as dysregulation of the immune system, oxidative
stress, elevated HCY concentrations, and inflammatory
mediators [139, 158, 159]. Krajcovicova et al. [159]
demonstrated that treatment with an immunomodulator and
anti-TNF-o increased the BMD in patients with IBD. In
contrast, supplementation with vitamin D and calcium had
no effect on BMD, indicating that TNF-o may be a key
factor implicated in a low BMD, rather than the nutritional
status in IBD patients. Furthermore, mild hyperhomocys-
teinemia [112], TNF-o, and oxidative stress [3, 110] in
people with IBD may deteriorate collagen crosslinking.
Gamsjaeger et al. [139] recently reported that the HLA-
B27 transgenic rat is susceptible to both long-bone os-
teopenia and poor-bone material properties such as a lower
ratio of mineral/matrix and higher relative proteoglycan
and AGE concentrations (¢-N-Carboxymethyl-L-lysine);
however, no information on the content of enzymatic and
nonenzymatic crosslinks is provided. To date, there is no
report evaluating bone biopsy data of patients with IBD.

Table 1 Association between collagen crosslinking and bone mechanical properties in the pre-diabetic and diabetic WBN/Kob rats

Energy absorption Stiffness Elastic modulus Maximum load
Total enzymatic cross-links 0.229 0.557¢ 0.521°¢ 0.285
Pentosidine 0.312% 0.677° 0.579° 0.448°
Pentosidine/total enzymatic cross-links 0.332° 0.699¢ 0.603¢ 0.460°

The values show the correlation coefficients between bone mechanical properties and cross-link parameters such as total enzymatic cross-links
and Pentosidine (expressed in mol or mmol/mol of collagen) in the prediabetic and diabetic WBN/Kob rats (6—18 months of age)

The value of total enzymatic cross-links is sum of immature (DHLNL, HLNL, LNL) and mature (Pyr, Dpyr) cross-links

The value of Pentosidine/total enzymatic cross-links is the ratio of the content of Pentosidine to the content of total enzymatic cross-links

Asterisks (a, b, c) indicate p values at p < 0.05, p < 0.01, and p < 0.0001, respectively

Source Saito et al. [36] with permission
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Glucocorticoid Use

It has been reported that patients with vertebral fractures
who AQ have been treated with glucocorticoids (GCs) have
a higher BMD but have a twofold risk of sustaining a frac-
ture compared with patients who have vertebral fractures
and postmenopausal osteoporosis [160]. Clinically, patients
with GC-induced osteoporosis develop bone loss in the first
few months of GC exposure and modest doses of GC tend to
increase their risk of a fracture. Because a bone fracture may
be imminent, even if their BMD is relatively high, dete-
rioration of some other factors that contribute to bone
quality, in addition to BMD, has been postulated as a likely
contributing cause to GC-induced osteoporosis. A number
of GC-mediated effects are responsible for bone fragility:
(1) GC-induced impairments of osteoblast and osteocyte; (2)
reduced intestinal absorption of calcium and increased renal
elimination leading to a negative calcium balance that has
been suggested to promote secondary hyperparathyroidism;
and (3) glucocorticoids antagonize gonadal function and
inhibit the osteoanabolic action of sex steroids [161, 162].
We demonstrated aberrant collagen crosslinking in bone and
its relationship to bone strength in rats treated with pred-
nisolone (10 mg kg~' daily, intramuscularly [IM] for
4 weeks) [163]. Despite no reduction in BMD in this rat
model, femoral bone strength markedly decreased. The total
content of immature enzymatic divalent crosslinks
(DHLNL + HLNL + LNL) was significantly decreased by
GC administration (p = 0.0490), but the total content of
mature pyridinium crosslinks (PYD + DPD) and AGE
crosslinks were unaffected. The ratios of DHLNL/HLNL
and PYD/DPDP, which indicate the extent of lysine hy-
droxylation, were not affected by GC treatment. Total con-
centration of enzymatic crosslinks (the sum of immature and
mature crosslinks) were significantly lower in the GC-
treated group than that in the control group (p = 0.042). In
order to assess in more detail the relationship between the
determinants of bone strength, such as BMD, femoral di-
ameter, and collagen crosslinks, on the bone mechanical
properties, the mechanical properties of interest were plotted
against BMD, femoral diameter, or collagen crosslink pa-
rameters for the femoral midshaft, and a linear regression
analysis was performed. The sum of enzymatic immature
divalent and mature pyridinium crosslinks (p = 0.021, the
immature crosslinks (p = 0.024), and the ratio of DHLNL/
HLNL (p = 0.016) were significantly and positively corre-
lated with the energy absorption. The concentration of ma-
ture pyridinium crosslinks showed a significant positive
correlation to yield load (p = 0.006). BMD and femoral
diameter did not correlate significantly to maximum load,
stiffness, or energy absorption. To determine whether col-
lagen crosslink parameters were independently related to
bone strength after adjusting for the contribution made by

BMD and the femoral diameter, we performed multiple re-
gression analyses. Total enzymatic crosslinking and the ratio
of DHLNL/HLNL contributed significantly to energy ab-
sorption independently of BMD and femoral diameter. The
prediction model for bone strength improved the diagnostic
sensitivity to 31.0 % for energy absorption, but maximum
load and stiffness were less sensitive than energy absorption.
Benson et al. [164] demonstrated that GCs produced a dose-
dependent decrease in LOX activity in rat tissue, down to
78 % of the control, when administered over a 3-days pe-
riod. TGF-B [47] and IGF-I [165] are other candidate
molecules that may be downregulated by GCs because they
act as positive regulators of LOX activity [166, 167]. Thus,
GC use may reduce bone material properties by inhibiting
regular enzymatic crosslinking.

Candidates for Treatment of Collagen Crosslinking

Deteriorating collagen crosslinks are replaced by the re-
modeling process. If bone remodeling is suppressed for a
prolonged period, AGEs form in bone collagen in a time-
dependent manner [91, 107, 108]. In a preclinical animal
study, when >70 % suppression of bone remodeling contin-
ued for more than a year, excessive accumulation of AGEs
occurred, resulting in microdamage formation [91, 107, 108].
Thus, to improve crosslink formation in bones, agents re-
ducing oxidative stress and/or increasing lysyl oxidase ac-
tivity without oversuppression of bone remodeling are
required. Even when total enzymatic crosslink formation
reaches its maximum in the primary mineralization process
[6, 91], agents increasing lysyl oxidase activity may induce
further enzymatic crosslinking in preexisting collagen. Some
osteoporosis drugs are candidates for improving collagen
enzymatic immature and mature crosslinking as well as AGEs
formation. Selective estrogen receptor modulator (SERM),
raloxifene, increased the actual concentrations of enzymatic
immature and mature pyridinium crosslinks, while decreasing
AGEs crosslink, PEN, after 16-weeks treatment. Since the
treatment duration is only 16 weeks in this report, the marked
increase in crosslink concentration cannot be explained by
remodeling alone, which leads us to believe that there is also
an increase in the crosslinks of preexisting collagen. Not all
enzymatic crosslink precursors such as Lys and Hyl residues
in collagen molecules are crosslinked. Therefore, if lysyl
oxidase activity is increased by drugs or agents, the Lys and
Hyl may form additional crosslinks in preexisting collagen
fibers independent of bone remodeling. Furthermore, Gallant
et al. [168] reported that ex vivo exposure of nonviable bone
to raloxifene improves intrinsic toughness. These effects are
cell independent and appear to be mediated by an increase in
matrix-bound water. The hydroxyl groups (OH) on raloxifene
were shown to be important in the increase of both water
content and toughness. Thus, direct action to preexisting bone
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matrix in a cell-independent manner is also important in im-
proving bone material property as well as maintaining
physiological bone remodeling. In terms of enzymatic
crosslink formation, candidates for increasing enzymatic
crosslink formation in preexisting collagen fibers, such as
active vitamin D3 [41] and its analogs, eldecalcitol [89],
teriparatide [14], vitamin B6 [169], periostin [120-122],
leucine-rich repeat proteins such as small proteoglycans
[123], TGF-beta [37], CTGF [38] and IGF-1 [39], may be
positive regulatory factors of lysyl oxidase. In contrast, a
nonenzymatic AGEs crosslink, PEN, is well known to form
even in preexisting collagen fibers as a result of oxidative
stress. Therefore, the continuous reduction of oxidative stress
by agents prevents further accumulation of PEN in preexist-
ing bone collagen. Future studies are needed to investigate
whether supplemental vitamin B6 such as pyridoxal [169] and
pyridoxamine [170] can improve the abnormal crosslink
formation. As pyridoxal is thought to act not only as a cofactor
of lysyl oxidase but also as an inhibitor of AGEs formation,
we propose that administration of pyridoxal or pyridoxal
phosphate may be suitable for the amelioration of crosslink
formation in diabetic WBIN/Kob rats [169]. Another candi-
date inhibitor of AGEs is aminoguanidine, which is well
documented to be potent in inhibiting AGEs formation [171].
Administration of aminoguanidine, however, would be ex-
pected to cause a further reduction in the levels of pyridoxal
and pyridoxal phosphate [172], suggesting that long-term
administration of aminoguanidine may have an adverse effect
on lysyl oxidase activity and subsequent enzymatic crosslink
formation. Aminoguanidine has now been withdrawn after
clinical trials showed detrimental side effects. Thus, vitamin
B6 may be more suitable as an inhibitor of AGEs in bones
[173].

Further work is needed to clarify roles of collagen crosslink
formation in bone. There is little information of biological
interaction between collagen crosslinking and noncollage-
nous proteins such as osteocalcin, osteopontin, small proteo-
glycans, and periostin. Periostin regulates directly activation
of lysyl oxidase [122] and plays an important role in the
adaptation of the extracellular matrix architecture [121]. The
other noncollagenous protein may have crucial roles in col-
lagen crosslink formation and fibril formation.

Development of new agent reducing oxidative stress and/
or increasing lysyl oxidase activity without oversuppression
of bone remodeling is also needed as a further work.

Conclusions
Enzymatic crosslinking patterns regulated by Lys hy-
droxylation seem to directly affect the mineralization

process under physiological conditions, whereas the total
concentrations of enzymatic crosslinks affect bone strength

@ Springer

at the material level. To increase bone strength, it is crucial
to induce regular enzymatic crosslinking in collagen and
inhibit AGE crosslinks. Enzymatic crosslink formation is
regulated by the expression and activation of intracellular
LHs and the extracellular actions of LOXs, whereas the
amount of oxidative stress and glycation that occurs as a
result of aging, hyperhomocysteinemia, and chronic dis-
eases such as diabetes mellitus and CKD can increase the
formation of AGE crosslinks (Fig. 1). The increasing
number of reports in the literature addressing suitable
treatments with the potential to decrease the risk of aber-
rant collagen crosslinking profiles may improve our ability
to better personalize medications for patients at increased
risk for bone fracture.
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