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Abstract

Purpose—Accumulation of collagen crosslinks (advanced glycation end products [AGEs]) 

produced by non-enzymatic glycation deteriorates bone's mechanical properties and fracture 

resistance. Although a single AGE, pentosidine, is commonly used as a representative marker, it is 

unclear whether it quantitatively reflects total fluorescent AGEs in bone. The goal of this study 

was to establish the relationship between pentosidine and total AGEs in cancellous and cortical 

bone.

Methods—Pentosidine and total AGEs were quantified in 170 human bone samples. Total 

fluorescent AGEs were measured in 28 additional cancellous and cortical bone specimens of the 

same apparent volume that were incubated in control or in vitro glycation solutions. Correlations 

between pentosidine and total AGEs and differences between cortical and cancellous groups were 

determined.

Results—Pentosidine was correlated with total AGEs in cancellous bone (r=0.53, p<0.0001) and 

weakly correlated in cortical bone (r=0.23, p<0.05). There was more pentosidine (p<0.01) and 

total AGEs (p<0.001) in cancellous than in cortical bone. The in vitro glycation sub-study showed 

that cancellous bone accumulated more AGEs than cortical bone (p<0.05).

Conclusion—The relationship between pentosidine and total AGEs and their magnitude of 

accumulation differed in cancellous and cortical bone of the same apparent volume, and were 

dependent on the surface-to-volume ratios of each sample. It is important to consider the bone 

types as two separate entities, and it is crucial to quantify total AGEs in addition to pentosidine to 

allow for more comprehensive analysis of the effects of non-enzymatic glycation in bone.
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Introduction

Bone is subjected to a variety of molecular level modifications with aging that alters its 

extracellular matrix [1]. In particular, type I collagen, which comprises 90% of bone's 

organic matrix, undergoes numerous biochemical modifications including non-enzymatic 

glycation (NEG) [2, 3]. NEG in bone induces a cascade of biochemical processes, 

collectively known as the Maillard reaction, which involves a spontaneous interaction 

between an extracellular sugar-derived aldehyde group and, for example, the ε-amino group 

of collagen-bound hydroxylysine or lysine. The resulting glucosyl-lysine rearranges to form 

an Amadori product or Schiff base adduct, both of which undergo further reactions with 

other amino groups [3-5]. These processes produce a family of molecules known as 

advanced glycation end products (AGEs) that form as crosslinks within and across collagen 

fibers, and many of them are naturally fluorescent [3, 5, 6].

AGEs have been quantified by two different methods. The first method involves 

measurement of AGEs using a fluorometric assay in which AGEs are quantified based on 

bulk fluorescence and normalized to collagen content. The fluorometric method has been 

validated, showing significantly higher AGE content in in vitro glycated bone compared to 

non-glycated controls [7]. In contrast, the second method characterizes AGEs by a single 

crosslink, pentosidine. This method involves a high performance liquid chromatography 

technique that separates bone components based on their ionic properties using gradient 

elution, and ultimately, leads to isolation and determination of pentosidine concentration [8, 

9]. Among the numerous non-enzymatic crosslinks in bone (e.g. pentosidine, glucosepane, 

methylimidazolium, glyoxalimidazolium, carboxymethyllysine, carboxyethyllysine) [10, 

11], pentosidine is currently the most commonly measured AGE in bone [2, 3, 10].

The age-related degradation of bone's mechanical properties has been associated with the 

accumulation of pentosidine. Recent studies have shown that pentosidine explains up to 23% 

of the variation in bone fracture toughness [12] or as low as only 9% of the variance in 

trabecular ductility [13]. However, it is not known whether pentosidine quantitatively 

reflects the content of other AGEs that may also contribute to the overall effect of non-

enzymatic glycation in bone. Given that pentosidine is present in small amounts in bone [5, 

14], it is likely that other AGEs contribute to changes in bone fracture resistance. Thus, it is 

important to determine whether pentosidine measurement provides an overall assessment of 

the effects of NEG on bone [5, 13]. The accumulation of AGEs in bone is the net result of 

rate of formation by NEG and rate of removal by bone remodeling [3, 15]. Thus, the 

intrinsic differences in bone remodeling rates between cancellous and cortical bone would 

affect the AGEs removal rate, suggesting that crosslink presence may differ between 

cancellous and cortical bone due to their notably different turnover rates. These bone types 

also have different surface-to-volume ratios. It is possible that larger surface areas that 

provide increased contact between free floating sugars and amino acid residues on collagen 

may lead to amplified crosslink formation. These factors combined may alter the molecular 

profile of AGEs, and measures of pentosidine may not necessarily similarly represent total 

AGEs in both bone types.
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To address the above concerns, cortical and cancellous bone specimens, obtained from adult 

human tibiae and femurs of varying ages were measured for pentosidine and total 

fluorescent AGE content. Additionally, an in vitro glycation sub-study was conducted on 

paired cancellous and cortical bone specimens of same apparent volume to validate ex vivo 

results and determine whether differences in bone surface area alter the accretion of AGEs. 

Our goal was to establish the extent to which pentosidine can be used as a surrogate marker 

to represent total fluorescent AGEs in both cancellous and cortical bone, and to elucidate a 

possible mechanism for the differential accumulation of AGEs in the two bone types.

Methods

Specimen Collection

A total of 170 bone specimens (79 cancellous, 91 cortical) were obtained from the proximal 

end of human tibiae (64 cancellous, 82 cortical) and femurs (15 cancellous, 9 cortical) from 

male and female donors (age range: 18 to 97, male n=94, female n=76). A subset of 

cancellous (n=31) and cortical (n=31) specimens were paired in order for direct comparison 

of AGEs between cancellous and cortical bone. All donors were tested negative for known 

bone metabolic diseases, and none of the donors were diagnosed with osteoarthritis 

(National Disease Research Interchange and International Institute for the Advancement of 

Medicine). These specimens were stored in saline at -80°C until used for quantification of 

pentosidine and/or total fluorescent AGEs.

In Vitro Glycation

An additional 28 human tibial cortical and cancellous bone specimens (14 pairs, age range: 

34 to 70, average age: 50.4±13.0) were obtained. Specimens were cut into cubic structures 

with the same apparent volumes (2×2×2 mm3). These specimens were randomly divided 

such that 1 pair of cancellous and cortical specimens from each donor were used as controls 

while a second pair was glycated. A glycation solution was made containing 25 mM ε-

amino-n-caproic acid, 5 mM benzamidine, 10 mM N-ethylmaleimide, 30 mM HEPES, and 

0.6 M ribose in Hank's buffer. The control solution was made in the same fashion but 

without any ribose. Bone specimens were placed in centrifuge tubes, submerged in the 

corresponding solutions, and incubated at 37°C for 7 days as performed in previous studies 

[7, 16]. The pH for the incubation solutions was monitored daily and maintained between 

7.2 and 7.6 using 0.5 M hydrochloric acid or sodium hydroxide to lower or raise the pH, 

respectively. These specimens were stored in saline at -80°C until quantification of total 

fluorescent AGEs.

Quantification of Collagen Crosslinks

Bone specimens were first flushed with cold nanopure water until free of blood, and then 

defatted by three 15 minute washes in 500 μL cold isopropyl ether under constant agitation. 

The bone samples were lyophilized overnight using a freeze dry system (Labconco), and 

hydrolyzed according to dry mass in 6N HCl (10 μL/mg bone) for 20 hours at 110°C. 

Hydrosylates were centrifuged at 13000 rpm at 4°C for 30 minutes to remove any debris. 

The centrifuged hydrosylates were used for the measurement of pentosidine via ultra-high 

performance liquid chromatography (UPLC, Waters Corporation), and for quantification of 
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total fluorescent AGE content through a fluorometric assay. All centrifuged hydrosylates 

were stored at -80°C in complete darkness until use.

Separations via ultra-high performance liquid chromatography for pentosidine were 

completed according to recently developed protocols [9]. Collagen purity using this 

methodology has been previously confirmed in our laboratory using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis. Additionally, intra- and inter-assay variability were both 

<2% [9]. Each hydrosylate was used to calculate collagen content after hydroxyproline 

measurement using a hydroxyproline kit (BioRad). A pentosidine stock (International 

Maillard Reaction Society, Case Western Reserve University) was used as an external 

standard. Routinely, separations were performed for all standards and each specimen 

hydrosylate. Separations for hydroxyproline were completed at 60°C with a flow rate of 0.5 

mL/min (detector: 471 nm). For fluorescent crosslinks, separations were conducted at 40°C 

with a flow rate of 0.667 mL/min (pentosidine at 335/385 nm excitation/emission) [9]. The 

amount of collagen per sample was determined based on hydroxyproline quantity [17], and 

crosslink content was normalized to the amount of collagen in each specimen.

Total fluorescent AGEs were quantified similarly as in previous studies [7, 9]. Fluorescence 

was measured for quinine standards (stock: 10 μg/mL quinine per 0.1 N sulfuric acid) and 

hydrosylates at 360/460 nm excitation/emission using an Infinite 200 microplate reader 

(Tecan). A chloramine-T solution was added to hydroxyproline standards (stock: 2000 

μg/mL L-hydroxyproline per 0.001 N HCl) and sample hydrosylates. The resulting solution 

was then incubated at room temperature to oxidize hydroxyproline. To quench residual 

chloramine-T, 3.15 M perchloric acid was added and incubated at room temperature. 

Finally, a p-dimethylaminobenzaldehyde solution was added and incubated for at 60°C. All 

standards and specimens were cooled at room temperature in darkness. The absorbance was 

measured at 570 nm using an Infinite 200 microplate reader (Tecan). Similar to pentosidine 

measurements, collagen content was calculated based on hydroxyproline quantity [17]. Total 

fluorescent AGEs were quantified in terms of ng quinine per mg collagen.

Statistical Analyses

Outliers were determined as values that were beyond two standard deviations from the mean 

of each group. Because data were not normally distributed for in vivo crosslink 

quantification, non-parametric statistical analyses were used. Spearman correlations were 

run between pentosidine and total fluorescent AGE content separately in cancellous and 

cortical groups. Mann Whitney Rank Sum tests were used to determine differences between 

cancellous and cortical groups in all specimens and also in paired subsets.

For the in vitro glycation sub-study the data were normally distributed and differences 

between cancellous and cortical specimens in control and glycated groups were determined 

using paired T-tests. All cancellous specimens were pooled together (control and glycated) 

as were cortical specimens. Differences between cancellous and cortical specimens were 

then determined for these pooled groups. All statistical tests were performed with SigmaStat 

version 2.03 and JMP Pro 9.0.
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Results

Age-Related Trends

The cancellous group (n=79) had a mean age of 61.4 ± 20.0 years while the cortical group 

(n=91) had an average age of 62.1 ± 20.8 years. The age distribution of the two groups was 

statistically indistinguishable (p=0.66). In cortical bone with both tibiae and femurs pooled 

together, donor age (Figure 1) was positively correlated with total fluorescent AGEs 

(r=0.486, p<0.0001), but was not significantly associated with pentosidine (p=0.12). In 

contrast, neither total fluorescent AGEs (p=0.12) nor pentosidine (p=0.09) demonstrated a 

statistically significant relationship with donor age in cancellous bone with tibiae and femurs 

pooled together (Figure 1). However, in femurs alone (Figure 1), there were significant 

relationships between age and AGEs in cancellous (r=0.799, p<0.001) and cortical (r=0.750, 

p<0.001) bone. Additionally, there was also an association between age and pentosidine in 

both cancellous (r=0.280, p<0.001) and cortical (r=0.717, p<0.001) bone. In tibiae alone 

(Figure 1), there was a significant relationship between age and AGEs only in cortical bone 

(r=0.460, p<0.001). Also, there was an association between age and pentosidine only in 

cancellous bone (r=0.385, p<0.01).

Relationship between Pentosidine and Total Fluorescent AGEs

Pentosidine and total fluorescent AGEs were positively correlated in cancellous bone in 

tibiae (r=0.314, p<0.05) and femurs (r=0.700, p<0.01). Similarly, this association was 

observed in cortical bone in tibiae (r=0.249, p<0.05), but not in femurs (p=0.422). When 

tibiae and femurs were pooled together, we found that pentosidine had a significant positive 

correlation with total fluorescent AGEs in both cancellous (r=0.530, p<0.0001, Figure 2) 

and cortical (r=0.226, p<0.05, Figure 2) bone.

Differences between Cancellous and Cortical Bone

In tibiae alone, there was 1.9 times more pentosidine (p<0.001) and 4.7 times more total 

fluorescent AGEs (p<0.001) in cancellous than in cortical bone. However, no differences 

were observed in pentosidine (p=0.321) or total fluorescent AGEs (p=0.237) in femurs. 

When combined, there was 1.7 times more pentosidine (p<0.01) and 4.0 times more total 

fluorescent AGEs (p<0.001) in cancellous than in cortical bone (Figure 3). In the paired 

subset, there was 2.9 times more AGEs (p<0.001), but no significant difference in 

pentosidine (p=0.18) between cancellous and cortical bone. In the in vitro glycated sub-

study, glycated specimens had 59% and 85% more total AGEs than controls in cortical 

(p<0.01) and cancellous bone (p<0.01), respectively. Cancellous bone had more total AGEs 

than cortical bone (Figure 4) in both control (+21%, p=0.08) and glycated (+50%, p<0.05) 

specimens as well as in both groups pooled together (+43%, p<0.05).

Discussion

Conventionally, pentosidine is used as a surrogate biomarker of AGEs accumulation, but it 

is not known whether changes in pentosidine concentration quantitatively reflect the content 

of other possibly more abundant AGEs that are also associated with bone strength [11, 12]. 

Specifically, it was unknown whether pentosidine alone could be used as a reliable 

Karim et al. Page 5

Osteoporos Int. Author manuscript; available in PMC 2015 August 26.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



representative of total AGEs to predict bone mechanical properties and fracture risk. Hence, 

we proposed to establish the association between pentosidine concentration and total 

fluorescent AGE content. We were able to measure both pentosidine and bulk fluorescent 

crosslink quantity from the same hydrosylates obtained from a very large selection of human 

cadaveric cancellous and cortical bone specimens. Furthermore, comparisons between 

cancellous and cortical bone were made in both paired and unpaired groups showing 

increased non-enzymatic glycation in cancellous compared to cortical bone. Paired and 

unpaired groups show the same trends although the level of statistical significance and 

power varied among the groups. The mechanism by which AGE formation differed between 

cancellous and cortical bone was unclear, which led us to conduct an in vitro glycation sub-

study to investigate AGE accumulation in the two bone types. Overall, we found that there 

was a significant positive relationship between pentosidine quantities and total fluorescent 

AGEs in cancellous and cortical bone, and that the increased quantities of these crosslinks in 

cancellous than in cortical bone may be accounted for by their different surface-to-volume 

ratios.

We found that total fluorescent AGEs and pentosidine showed strong associations with age 

in both cancellous and cortical bone in femur specimens only, but the same relationships 

were not observed in both bone types for tibial specimens. These results are consistent with 

previous work investigating bone toughness in both femurs and tibiae, which showed that 

age-related trends were more evident in femur specimens [18]. Similar to Odetti et al's work 

in which specimens from both femurs and tibiae were pooled together, we also observed 

age-related trends in pooled specimens in cortical bone only while age-related trends in 

cancellous bone were not statistically significant [19]. Furthermore, relationships between 

pentosidine and total fluorescent AGEs as well as differences in cancellous and cortical bone 

had similar trends in both tibiae and femurs, but the level of statistical significance varied. 

These data suggest that there may be site-dependent differences in AGE accumulation in 

cancellous and cortical bone, but further investigation is needed with increased femur 

sample size to confirm these results. The remainder of our discussion is based on the 

analyses conducted on pooled data for tibia and femur specimens.

In our study, crosslink content was on the same order of magnitude as previously reported 

[7, 13, 20]. Previous work in a canine model elegantly demonstrates that the suppression of 

bone turnover in young healthy canine animals reduces turnover and subsequently increases 

bone AGE content [21]. Our samples taken from patients >60 years old, perhaps a more 

clinically relevant population, reveal that cancellous bone, which has biologically faster 

turnover, also has a higher accumulation of AGEs, suggesting that the rate of AGEs 

formation may also be altered with increasing age. We also acknowledge that only limited 

medical histories were available for some donors, and hence there is a possibility that some 

of the older donors used bisphosphonate drugs, which suppresses turnover. The reduced or 

imbalanced turnover in this study population would allow for longer exposure of collagen to 

the extracellular environment and lead to increased AGE production. The varying turnover 

rates in these donors may be one factor accounting for differences in cortical and cancellous 

bone (including age-related trends), but further work must be done to clarify and understand 

these trends.
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Furthermore, the elderly, and particularly osteoporotic patients, have a higher prevalence of 

trabecular rods than plates [22-24]. Recent work in our laboratory showed that rods are more 

glycated than plates [25] and may be preferentially retained due to an inverse relationship 

between resorption and extent of glycation [26]. We did find that there were high levels of 

non-enzymatic glycation in cancellous bone, suggesting that the cancellous specimens in our 

study did contain older bone tissue.

In particular, the presence of more AGEs in cancellous than in cortical bone may reflect the 

influence of greater surface-to-volume ratio in cancellous than in cortical bone. Non-

enzymatic glycation is a surface-based phenomenon and greater surface area in cancellous 

than in cortical bone (for the same bone volume) may indeed translate into a higher 

accumulation of AGEs. To investigate this idea, we performed an in vitro glycation sub-

study to induce the non-enzymatic glycation process on specimens that had the same 

apparent bone volume. The same apparent volume in cancellous and cortical bone 

specimens translates to having drastically different surface-to-volume ratios where 

cancellous bone would have increased access for sugars to reach the bone surface and 

interact with amino acid residues to form AGEs. Our in vitro results indeed support this 

hypothesis. Moreover, previous findings in our laboratory showed in cancellous bone that 

levels of total fluorescent AGEs (r=0.54, p<0.01) and pentosidine (r=0.38, p<0.05) were 

higher in specimens with greater structure model index (SMI) [25]. SMI is a computed 

measure based on the change in surface area per small increases in volume [27]. Hence, 

higher SMI represents higher surface-to-volume ratio of the trabecular structures, which 

would allow increased formation of AGEs, and these results further emphasize the role of 

bone surface-to-volume ratio in AGEs accumulation.

The above results are in contrast with a previous study by Odetti et al who found that 

cortical bone was more glycated than cancellous bone [19]. The bone specimens obtained by 

Odetti et al's study were from patients undergoing surgery due to a fracture or loosening of a 

prosthetic implant while our specimens were obtained from non-fracture and non-prosthetic 

donors. Selection of specimens from an injury site introduces a bias as cancellous bone at 

injury sites undergo active remodeling and results in freshly formed bone that is more 

immature and consequently less glycated. Furthermore, specimens in our study were 

carefully paired and/or obtained from anatomically similar locations across selected donors.

We also found that in cancellous bone, pentosidine composed a small portion of the total 

fluorescent AGE content and explained only 28% of total fluorescent AGEs. The 

relationship between pentosidine and total fluorescent AGE quantity was even weaker in 

cortical bone where pentosidine explained only 5% of total fluorescent AGEs. The 

difference in association between pentosidine and total fluorescent AGEs in cortical 

compared to cancellous bone may be due to several reasons. First microarchitectural 

changes and a faster rate of bone loss with aging and disease in cancellous than in cortical 

bone [28] can affect the relationship between pentosidine and AGEs wherein the older and 

more glycated rods contain more pentosidine [25] that is more likely to form following 

Amadori rearrangement at a later stage of the glycation process. Furthermore, as 

demonstrated by our results, due to a greater access of sugar to bone surface, NEG may 

proceed faster and result in formation of more AGE crosslinks including pentosidine. More 
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dose- and time- dependent in vitro and in vivo studies are needed to determine the 

mechanistic basis of the relationship between AGEs and pentosidine in cortical and 

cancellous bone.

In conclusion, we observed that pentosidine accounts for a small proportion of total 

fluorescent AGEs accumulation in cancellous and cortical bone. The different relationships 

between pentosidine and total AGEs observed in cancellous (r2 =0.28, p<0.05) and cortical 

(r2 =0.05, p<0.05) bone indicates the importance of quantifying total fluorescent AGEs 

rather than just pentosidine alone to comprehensively analyze the effect of non-enzymatic 

glycation on bone. Moreover, the increased AGEs in cancellous than in cortical bone may be 

the result of its increased surface-to-volume ratio, which allows cancellous bone increased 

access to extracellular sugars for crosslink formation. Because the relationship between 

pentosidine and total AGEs and their magnitude of accumulation differed in cancellous and 

cortical bone, it is important to consider each bone tissue type as separate entities when 

investigating the effects of non-enzymatic glycation on bone.
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Fig. 1. 
The relationship between advanced glycation end-products and age in (top) cancellous bone 

and (bottom) cortical bone. Data and representative linear fits for significant correlations are 

shown as a solid line for femurs and dotted line for tibiae.
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Fig. 2. 
There is a relationship between pentosidine and total fluorescent AGEs in (left) cancellous 

bone and (right) cortical bone as determined by Spearman correlation.
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Fig. 3. 
In human cadaveric bone, there was significantly more (left) pentosidine and (right) total 

fluorescent AGEs in cancellous bone than in cortical bone. Asterisks denote significant 

differences.
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Fig. 4. 
In vitro glycation data show that cancellous bone accumulated more total fluorescent AGEs 

than cortical bone in control, glycated, and pooled groups. Asterisks denote significant 

differences.
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