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Abstract

Advanced glycation end-products (AGES) are a category of post translational modification
associated with the degradation of the structural properties of multiple different types of tissues.
Typically, AGEs are the result of a series of post-translational modification reactions between
sugars and proteins through a process known as non-enzymatic glycation (NEG). Increases in the
rate of NEG of bone tissue is associated with type 2 diabetes and skeletal fragility. Current
methods of assessing NEG and its impact on bone fracture risk involve measurement of
pentosidine or total fluorescent AGEs (FAGESs). However, pentosidine represents only a small
fraction of possible fAGES present in bone, and neither pentosidine nor total fAGE measurement
accounts for non-fluorescent AGEs, which are known to form in significant amounts in skin and
other collagenous tissues. Carboxymethyl-lysine (CML) is a non-fluorescent AGE that is often
measured and has been shown to accumulate in tissues such as skin, heart, arteries, and
intervertebral disks, but is currently not assessed in bone. Here we show the localization of CML
to collagen I using mass spectrometry for the first time in human bone. We then present a new
method using demineralization followed by heating and trypsin digestion to measure CML content
in human bone and demonstrate that CML in bone is 40-100 times greater than pentosidine (the
current most commonly used marker of AGEs in bone). We then establish the viability of CML as
a measurable AGE in bone by showing that levels of CML, obtained from bone using this
technique, increase with age (p<0.05) and are correlated with previously reported measures of
bone toughness. Thus, CML is a viable non-fluorescent AGE target to assess AGE accumulation
and fragility in bone. The method developed here to extract and measure CML from human bone
could facilitate the development of a new diagnostic assay to evaluate fracture risk and potentially
lead to new therapeutic approaches to address bone fragility.
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Introduction

The accumulation of advanced glycation end products (AGEs) on proteins and lipids is
known to negatively affect the biophysical properties and function of many different kinds of
tissue including skin, bone, and blood vessels [1-6]. AGEs are the result of a series of
varying reactions, many driven by oxidation, following the spontaneous post-translational
addition of a sugar to a protein. This set of reactions, collectively referred to as the Maillard
reaction, occurs by a process known as non-enzymatic glycation (NEG). The rate of NEG
modification is increased with hyperglycemia and higher oxidative stress [2]. Increased
amounts of the AGE pentosidine in urine has been associated with bone fragility in cases of
type 2 diabetes (T2D) [7], although increased pentosidine content in T2D bone has yet to be
confirmed [8, 9]. In bone, NEG has been shown to increase with age and /in vitro studies
have shown that NEG causes bone fragility [4, 10]. /n7 vivo, AGEs in bone have been shown
to be associated with reduced bone turnover and decreased post-yield deformation [5, 11,
12].

Bone AGEs are assessed though measurement of pentosidine, a fluorescent AGE (fAGE)
crosslink formed between lysine and arginine, or from total fluorescent AGE content [3, 4,
10, 11, 13-16]. However, pentosidine is only one of many possible fAGEs, and fAGES
represent only a fraction of all the AGEs that form during NEG [17]. In addition, depending
on the type of bone, pentosidine in particular has been shown to be present in varying ratios
to total fluorescent AGEs. This implies that pentosidine alone may not be an adequate
assessment of AGE content of bone [13]. More importantly, unlike other tissues, there has
been very limited assessment of non-fluorescent AGEs in bone.

Carboxymethyl-lysine (CML), the structure of which is shown in Figure 1, is an abundant
and well characterized non-crosslinking, non-fluorescent AGE that is commonly known as a
biomarker of oxidative stress and long term protein damage [18-20]. CML has been shown
to accumulate in serum as well as in tissues such as skin, heart, arteries, and intervertebral
disks; this accumulation increases in cases of uremia or diabetes [1, 21-23]. CML is known
to be involved in receptor for AGE (RAGE) signaling and thus pro-inflammatory effects [24,
25]. Assessment of AGE content, including CML, to gauge tissue biomechanical
deterioration is also ubiquitous for most tissues and for serum, and the levels of CML
detected are higher than that of pentosidine [17]. Evidence of a possible relationship
between CML and bone in particular was implied by studies showing increased levels of
circulating CML correlated with increased risk of hip fracture in older patients, independent
of bone mineral density, and an increase in circulating CML levels in osteoporotic patients
[26]. However, neither of these studies suggests a mechanism for this association as AGEs in
serum are not specific to bone. Thus, it is necessary to determine if CML forms in bone and
whether the relationship between CML and bone fragility can be found in the bone tissue
itself.
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A previous study has shown preliminary evidence, based on immunostaining, to support the
presence of CML in bone; however, CML from bone has not been isolated, characterized or
quantified [27]. This is because of the inherent difficulty in extracting protein from bone. In
particular, bone proteins are embedded in hydroxyapatite mineral, and must be separated
from the mineral and solubilized in order to be analyzed. There are many methods for
extracting protein from bone, and each method favors the extraction of a different set of
bone proteins, based on the characteristics of the interaction [28, 29]. Current extraction
methods have not been optimized for the extraction of CML, and thus there is an absence of
measured CML content in bone.

This study used mass spectrometry to show the presence of CML extracted from human
bone tissue and presents a method to extract and quantify the CML content of human bone.
This method was then used in concert with pentosidine quantified using ultra-high
performance liquid chromatography (UPLC) and bone fragility measurements from the
same donors to evaluate the proportion of CML relative to pentosidine and to determine the
viability of CML as a potential predictor of bone fragility.

Materials and Methods

Bone Samples

This study utilized unmodified human bone samples cut from transverse sections of cortical
bone from the distal section of the diaphysis of tibiae from donors over an age range of 19—
97 and from both sexes, all Caucasian (23F, 25M, 50M, 61M, 79M, 97F). All donors were
diagnosed as without metabolic bone diseases, diabetes, HIV, and hepatitis B (National
Disease Research Interchange and International Institute for the Advancement of Medicine).
Variety was chosen to ensure results encompassed a range of donors. Bone samples were
taken from storage at —80°C and ~2 mm wide slices were cleaned and defatted with three
15-minute washes submerged in diisopropyl ether. The slices then were cut into 50-80 mg
pieces for protein extraction by two different procedures described below.

Protein Extraction — Demineralization

A demineralization and denaturation approach to bone extraction was chosen to target
crosslinked collagen for extraction. Demineralization with EDTA was used to dissolve the
hydroxyapatite mineral, leaving the organic matrix. To accomplish this, bone was
homogenized using the Omni BeadRuptor 24 in a buffer of 0.5 M EDTA, followed by
demineralization in the same buffer at 4°C for 6 days. Of the organic matrix left over after
demineralization, crosslinked collagen is insoluble without further processing and was
separated by centrifugation at 13,000 rpm for 15 minutes. The supernatant was discarded
and the pellet, consisting primarily of crosslinked collagen, can be solubilized using heat
denaturation and trypsin digestion. The solubilization was performed using a protocol
described by Terajima et al, with a temperature of 85°C used for the denaturation steps
instead of the published 65°C [30]. The protocol used first a period of heating in 100 uL
Hanks buffer, followed by digestion using an added 100 pL 1 mg/mL trypsin solution,
another period of heating, then a second trypsin digestion using an added 50 pL 1mg/mL
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trypsin solution. The protein content of the sample was assessed using a Bradford assay with
a bovine serum albumin (BSA) standard.

Protein Extraction — Non-Demineralization

A non-demineralization protocol was tested based on a consistently high yield of non-
collagenous bone protein from previous experiments [31]. In this protocol, bone proteins are
decoupled from the bone mineral, hydroxyapatite, using mechanical separation in 600 L of
extraction buffer, the composition of which was determined from the principles of
hydroxyapatite chromatography. This method was developed for use in mass spectrometry
and is capable of extracting both collagenous and non-collagenous proteins [31]. For this
method, samples were homogenized using an Omni BeadRuptor 24 (Omni International,
Atlanta, GA) in 600 pL 1M ammonium phosphate, 200 mM ammonium bicarbonate, and 4
M guanidine hydrochloride. The samples were then immediately centrifuged at 13,000 rpm
for 15 minutes, and the supernatant dialyzed against water for two days. The resulting
dialysate was concentrated using spin filters (Corning Spin-X UF 500, 5k MWKO). The
protein content of the sample was assessed using a Bradford assay with a bovine serum
albumin (BSA) standard.

Mass Spectrometry

Mass spectrometric analysis was performed on the 79M donor bone to demonstrate the
presence of CML in bone. To this end, bone proteins were extracted using the non-
demineralization protocol and mass spectrometry appropriate reagents that required no
further purification. Prior to analysis with mass spectrometry, proteins must be digested into
smaller peptides in order to fall within the mass range of the instrument. Protein extract was
alkylated with iodoacetamide (IAA), reduced with dithiothreitol (DTT), and digested
overnight at 37°C with Promega Trypsin Gold at a 1:100 ratio. The digest was desalted by
stage tipping with Empore C18 resin [32]. The resultant peptides were separated using an
Agilent 1200 series HPLC and micro-electrosprayed into an LTQ-Orbitrap XL. Peptide ions
were fragmented using collision induced dissociation and identified by searching against a
human database in Mascot 2.3 (Matrix Sciences). Mascot database searches were performed
using SwissProt 57.15 Human taxonomy, with variable modifications carbamidomethyl (C),
carboxy (E), oxidation (KMP), deamidated (NQ), and carboxymethyl (K). The database
searches were run with a peptide mass tolerance of 10 ppm, a fragment tolerance of 0.5 Da,
and allowing for 2 missed cleavages by trypsin. Due to glycations frequently occurring on
residues cleaved by trypsin, glycation may block the activity of trypsin and lead to more
missed cleavages.

CML Quantification

All CML content was measured for both demineralized and non-demineralized samples with
Cell BioLabs CML Competitive ELISA kit (STA-816) following manufacturer’s
instructions. The bone protein extract was diluted with kit-provided diluent to fall within the
measurable concentration range of the kit, and measured in triplicate. The CML ELISA kit
is a colorimetric immunoassay comparing samples to a standard curve of CML-modified
BSA. The protein content of the final sample was assessed using a Bradford assay with a
BSA standard.
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Measurement of Pentosidine by UPLC

Pentosidine (PEN) was measured on the 23F, 25M, 50M, 61M, and 97F donors using ultra-
high performance liquid chromatography. Bone hydrolysates were prepared from separate
bone slices from the same donor. The slices were defatted with isopropyl ether, dried, and
hydrolysis was performed by submerging the samples in 6M hydrochloric acid at 110°C
overnight. Two analyses were performed on each bone hydrolysate, one to measure
pentosidine content, and a second to determine hydroxyproline content that was further used
to calculate collagen concentration.

Before the UPLC analysis, each hydrolysate was dissolved in 1% n-heptafluorobutyric acid
(HFBA). PEN was separated using an Acquity UPLC machine (Waters Corp., Milford, MA,
USA) equipped with the reverse-phase Acquity UPLC HSS T3 column (1.8 pm; 2.1 x 100
mm). The column flow rate and temperature were 0.400 ml/min and 40°C, respectively.
Solvent A contained 0.06% HBFA in 18 megaohms pure water, and solvent B was
composed of 50 : 50 (v : v) mixture of solvent A : acetonitrile. Prior the use, the column was
equilibrated using 10% solvent B. Gradient of 10 to 50% of solvent B (from 8 to 20 min)
was used for the separation of PEN. The elution of PEN was monitored for fluorescence
emission at 385 nm after excitation at 335 nm. PEN was quantified using a standard curve.

Measurement of Hydroxyproline by UPLC

Hydroxyproline was quantified after overnight hydrolysis of all types of samples
(demineralized bone, non-demineralized bone, protein extracts containing different types of
collagen) after overnight hydrolysis in 6N HCL at 110°C. Under these conditions, both
soluble and insoluble collagens are fully hydrolyzed to their amino acid components, and
this includes the quantitative release of hydroxyproline. Considering extracellular bone
matrix, practically all measured hydroxyproline originates from collagen [33]. Thus, the
determined CML and PEN levels can be expressed either per hydroxyproline or collagen.
Hydroxyproline content was determined using reagents from the HPLC assay kit (Bio-Rad
Labratories GmbH, Miichen, Germany), but the mobile phase solvents and conditions were
developed specifically for the UPLC separation. The column flow rate and temperature were
0.400 ml/min and 60°C, respectively. The 0 to 50% gradient of acetonitrile was achieved by
mixing 100% acetonitrile (solvent B) with a buffer composed of 0.3% acetic acid and 0.6%
triethylamine, pH 4.50 (solvent A). The elution of the derivatized hydroxyproline was
monitored at 471 nm. The amount of hydroxyproline was determined using a standard curve.
The amount of collagen was calculated assuming 300 nmol of hydroxyproline in 1 mol of
collagen (e.g., PEN [umol PEN/mmol Col]) [34, 35].

Linear Regression and Statistical Comparisons

Data was tested for normality prior to linear regression and statistical analysis of correlations
comparing CML to PEN amounts. All statistical tests were performed using IBM SPSS
\ersion 24.
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The presence of CML in bone was confirmed by mass spectrometric analysis, and is
demonstrated by the spectrum shown in Figure 2. This figure shows an example of an
MS/MS spectrum of a tryptic peptide of collagen, with several peaks showing the CML
mass shift. This indicates the presence of CML on protein extracted from human cortical
bone tissue. Peptides with CML modifications often showed a missed cleavage at the lysine
residue, consistent with trypsin’s inability to cleave at modified arginine and lysine residues,
further supporting the presence of this modification on the detected peptides.

The protein extraction utilizing non-demineralized samples, expected to measure the CML
content of NCPs and soluble collagen, showed no CML content for younger donors but
significant CML content for the oldest donor. This indicates either inherent limitations in
measuring small amounts of CML in this fraction of organic matrix in young donors or it
provides an indication of a non-linear trend in the accumulation of CML in soluble collagen.
The values obtained through the measurement of CML, normalized to the protein content of
the extract tested, is shown in Figure 3.

In contrast to the above, the protein extraction utilizing demineralized samples showed
steadily increasing values for CML content as normalized to the protein content of the
digested pellet. A plot of these measurements can be found in Figure 4. The values of CML
content ranged from 41-1154 pg CML/mg collagen, and correlated with age with an R2 of
0.94, p<0.05.

Pentosidine measurements obtained from bone tissue yielded pentosidine concentrations in
the range of 2—22 pmol pentosidine per mmol total collagen, as assessed by hydroxyproline
assay. Previous studies in this lab have shown that the amount of insoluble collagen isolated
from a human donor is much higher than the soluble fraction [34], making the addition of
soluble collagen negligible, and thus allowing the measurements of CML taken from
insoluble collagen and PEN measurements taken from hydrolysates to be compared directly.
This comparison showed the same correlation as that of the normalization to protein content,
showing an increase of CML with age (R2=0.88; p<0.05). The comparison, detailed along
with both measurements in Table 1, also shows that significantly more CML than PEN is
present in bone (p<0.05) and CML is correlated to PEN concentration (R?=0.87; p<0.05).
CML content was also compared to crack propagation toughness reported previously in
Poundarik et al, 2015 [5], and correlated with an R?=0.90, at p<0.05.

Discussion

This study shows the confirmation of the presence of CML on human bone and presents the
first example of its spectroscopic characterization and quantification from human bone
tissue.

The CML content of demineralized samples show a significantly stronger correlation with
age. The correlation of CML content to donor age is consistent with literature reports of

AGE accumulation with age. In particular, the accumulation of CML on collagen is likely
the result of the inability of collagen crosslinked through NEG to be resorbed during bone
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turnover [4, 10, 11]. This leads to the increased longevity of crosslinked collagen, and
therefore to its increased exposure to sugar over time. Once CML has formed on a protein, it
is stable and is not known to undergo any reactions that would reduce its abundance [36].

In contrast to the bone demineralization method, non-demineralization extractions of bone
protein show no signal for the younger bone, and a large signal for older bone. The low yield
of CML using this method was reflected in the mass spectrometric analysis of the non-
demineralized samples, which did detect CML, albeit in low abundance. Previously
performed solid state nuclear magnetic resonance (NMR) spectroscopic analysis of glycated
bone suggests that NEG decreases the collagen-mineral interface distance, implying a
stronger interaction between the two [37]. The non-demineralization method used is based
on the use of hydroxyapatite chromatography solvents to detach protein from bone mineral
[31], and altered interactions between protein and mineral may cause the technique to be less
effective at extracting NEG modified protein and therefore make the method unsuitable for
glycation quantification.

The success of the demineralization protocol over the non-demineralization protocol shows
that in order to get a measureable concentration of CML, the extraction process needs to
focus on solubilizing otherwise insoluble collagen fibers, which are likely to contain
glycation products. Results showed that the amount of CML detected on insoluble collagen
increased when normalized to both total collagen content and insoluble collagen content of
the sample. This implies that the rate at which CML forms /n vivo on insoluble collagen
significantly exceeds the rate at which collagen is rendered insoluble by further NEG of non-
NEG crosslinked collagen. The presence of CML in the older bones detected by both of
these protocols implies that there is either some overlap between the two methods, or that
while concentrations of CML in soluble collagen and protein remain undetectable for
healthier bones it becomes detectable above a certain threshold, as evidenced by the
detectable amount from the 97 year old donor. The CML content obtained from the non-
demineralization technique showed a maximum of 644 ng CML/mg protein, or 3.15
nmol/mg protein. This is an order of magnitude more than previously measured values of
pentosidine in bone, which has been measured at a maximum of approximately 120
pmol/mg collagen [38]. Furthermore, comparing the concentration of CML found via
demineralization to collagen content from different bone samples taken from the same donor
bone resulted in CML values ranging from 100-2500 pmol CML/mmol total collagen
content, again, orders of magnitude higher than those found for pentosidine, which ranged
from 2-22 umol pentosidine/mmol total collagen. This is consistent with previous
experimental results showing the abundance of CML over pentosidine in tissues other than
bone [17].

The increased abundance of CML relative to pentosidine provides an alternative, and
potentially more sensitive, method for assessing AGE accumulation in bone tissue. In
addition, the relative formation of certain types of AGEs over others and the importance of
this to bone fragility, or other types of tissue degradation, has yet to be extensively studied.
While pentosidine, in its role as a crosslink, is primarily linked to stiffening of the
extracellular matrix [4, 39], CML as a non-crosslink still can be related to other potential
functions of AGEs such as RAGE (Receptor for Advanced Glycation End-products)
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signaling [6, 40, 41]. In other tissues and in circulation, CML-RAGE interactions have been
connected with inflammatory response and insulin resistance [24, 25, 41]. In bone, AGE-
RAGE interactions have been shown to affect bone material properties through alterations to
the behavior of osteoblasts, osteoclasts, and bone marrow cells [40, 42—44]. Furthermore,
our previous work has shown that the presence of AGEs alter the physical interactions
between collagen and mineral in particular the collagen-HA distance [37]. Consequently,
CML may affect bone fracture through alterations in collagen-mineral interactions.

Indeed, we find that CML content was also highly correlated (R?=0.90, p<0.05) with
fracture properties of bone, specifically with measurements of crack propagation toughness
reported previously in Poundarik et al, 2015 [5]. Comparing the rates of formation of
different types of AGEs, such as between pentosidine and CML, would allow for the further
study of the effects of each type of interaction on bone fragility. This method could also be
used to determine differences in the rates of formation of different types of AGEs; while
CML content correlates with pentosidine content in this study, this may not be the case for
metabolic bone diseases.

Taken together, the results of this study demonstrate the use and potential importance of
CML as a marker of bone NEG. The comparison of multiple extraction methods show that
while CML is present in multiple different forms of collagen, it is most consistently found
on insoluble collagen. The demineralization protocol, which focuses on this type of
collagen, received the best signal and showed a correlated relationship with age and bone
fragility. Its comparison with pentosidine levels of the same bone show that it may correlate
with pentosidine levels in some cases, but more importantly, that CML is present in levels an
order of magnitude higher than that of pentosidine. This establishes CML as a viable non-
fluorescent AGE target to assess bone AGE accumulation. This protocol can be used to
measure CML levels in concert with pentosidine levels or fAGE content to elucidate the
effects of different types of NEG on bone matrix quality and fragility.
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Highlights

Carboxymethyl-lysine (CML), a non-fluorescent marker of Advanced
Glycation End-products (AGEs), was measured in bone for the first time
using a newly developed extraction method and commercially available
ELISA.

Measurements showed that CML was present in bone in quantities 40-100
times greater than pentosidine, the commonly measured AGEs marker and a
fluorescent AGE.

The amount of CML in bone increased with age and correlated to a decrease
in crack propagation toughness.
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Figure 1.
The chemical structure of commonly measured AGEs: CML, a side-chain modification, and

pentosiding, a crosslink. Both AGEs result from multiple pathways of glycation and
oxidation reactions.
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Figure 2.

Mass spectrum of the Collagen | alpha 1 peptide (GLTGPIGPPGP(OH)AGAP(OH)-
GDK(CML)GESGPPSGPAGPTGAR) from donor 79M; 42% of Collagen | alpha 1 was
sequenced. This spectrum shows the presence of CML on residue 18 and hydroxylation of
proline (OH) on residues 11 and 15. Labeled peaks show b- and y- series ions with +
denoting charge.
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Figure 3.
Ammonium bicarbonate/ammonium phosphate/guanidine hydrochloride extraction CML

content measured by ELISA, normalized to total protein extracted.
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Figure 4.
Demineralized Pellet CML content measured by ELISA, showing a trend line given by

(CML content) = 14.788 (Donor Age) — 379.096 with an R? = 0.939.
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Normalization of CML measurements (by ELISA) to collagen content, and comparison of pentosidine

concentration to CML concentration.

Table 1

Age (yrs.) | CML (umol/mmol coll) | PEN (umol/mmol coll) | CML/PEN Ratio
23 116.69 3.06 38
25 130.33 2.09 62
50 871.27 9.50 92
61 521.00 12.37 42
97 2528.00 21.70 117
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