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Abstract

Purpose of review: Chronic kidney disease (CKD) affects over 15% of Americans and results
in an increased risk of skeletal fractures and fracture-related mortality. However, there remain
great challenges in estimating fracture risk in CKD patients, as conventional metrics such as bone
density assess bone quantity without accounting for the material quality of the bone tissue. The
purpose of this review is to highlight the detrimental effects of advanced glycation end products
(AGEs) on the structural and mechanical properties of bone, and to demonstrate the importance of
including bone quality when assessing fracture risk in CKD patients.

Recent findings: Increased oxidative stress and inflammation drive the production of AGEs in
CKD patients which form non-enzymatic crosslinks between type | collagen fibrils in the bone
matrix. Non-enzymatic crosslinks stiffen and embrittle the bone, reducing its ability to absorb
energy and resist fracture. Clinical measurement of AGEs is typically indirect and fails to
distinguish the identity and properties of the various AGEs.

Summary: Accounting for the impact of AGEs on the skeleton in CKD patients may improve our
estimation of overall bone quality, fracture risk, and treatments to improve both bone quantity and
quality by reducing AGEs in patients with CKD merit investigation in order to improve our
understanding of the etiology of increased fracture risk.
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Introduction

Skeletal fractures in patients with chronic kidney disease (CKD) remain a critical clinical
problem with few methods for prevention. CKD patients are four times more likely to
fracture than their age-matched population and their mortality rate following fracture is over
60% (1, 2) (Figure 1). To date, bone mineral density (BMD), as assessed by dual energy X-
ray absorptiometry (DXA), is the only commonly performed assessment of bone health, and
this technique has not been optimized for estimating fracture risk in CKD patients(3). While
bone mass is related to bone strength from a mechanical perspective, this measure alone
does not account for the intrinsic material quality of the bone tissue. In CKD patients,
elevated parathyroid hormone (PTH) is linked to pore formation and thinning of cortical
bone, as determined by modern high resolution-peripheral quantitative computed
tomography (HR-pQCT) studies, and these microarchitectural changes are correlated to
fracture risk(4, 5). However, material characteristics of bone quality are only assessed ex
Vivo, as detailed below.

On the nanoscale, bone consists of a type | collagen matrix bound with hydroxyapatite
mineral and water. The combination and interaction of these fundamental constituents allow
bone to withstand higher loads, absorb more energy before breaking, and resist cracking,
allowing repair processes to intervene before a critical fracture(6, 7). Therefore, altering any
one of these components has the potential to impact fracture resistance at the level of the
whole bone. As an example, collagen in bone undergoes a tightly-controlled process of
enzymatic crosslinking. Crosslinking is not only beneficial, but also essential to proper
mechanical function (Table 1). Other non-enzymatic crosslinks form as advanced glycation
end products (AGEs), which accumulate in tissues over time. These crosslinks prevent
proper sliding of collagen molecules, embrittling the bone tissue and reducing its resistance
to fracture(8). Therefore, accurately determining fracture risk in CKD patients requires
methods to assess bone quantity and quality, and interventions that target both may be the
most effective at reducing fractures.

Formation and Measurement of AGEs

Advanced glycation end-products (AGEs) form from the attachment of reducing sugars to a
protein or lipid in a non-enzymatic chemical reaction. AGEs are classified as endogenous or
exogenous. Endogenous AGEs form in the body whereas exogenous AGEs are derived from
the environment(9). For endogenous AGE formation, the initial phase is the nucleophilic
attack of glucose or other metabolic intermediate to a lysine group(10). Multiple unstable
intermediate products are formed, including Amadori products. A series of reactions
involving rearrangement, dehydration, oxidation, and fragmentation of Amadori products
results in final AGE products(11). Different fragmentation methods to form the final AGEs
include oxidation, isomerization, p-cleavage, and cyclization among others and are reviewed
elsewhere(12). In bone, crosslinking AGEs such as pentosidine and glucosepane can form
between a lysine and arginine residue if a carbonyl group on an Amadori product on a lysine
attaches to an arginine on an adjacent collagen molecule(10). Other AGEs can attach to a
single residue such as N&-carboxymethyl lysine (CML) and N#-carboxyethyl lysine (CEL).
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AGEs are traditionally measured in the blood using enzyme-linked immunosorbent assays
(ELISAS) or high-performance liquid chromatography (HPLC), the latter of which is
preferred due to the general lack of AGE specificity with ELISAs(13). HPLC can be used to
measure both free and protein-bound AGEs including pentosidine, CML, and CEL within
the blood and tissues(14). However, a single measurement of AGEs in the blood may be
unreliable, as most AGEs are formed intracellularly, and due to the abundance of proteins
and lipids in tissues, tend to accumulate outside the blood. Furthermore, clearance of AGEs
by the kidney is reduced in CKD, which may increase the apparent level of AGEs in the
blood(15). In tissues, extracellular matrix proteins are a common site for AGE formation and
accumulation, and the fluorescent properties of some AGEs can be used to approximate total
AGE accumulation in these compartments.

In both skin and bone, collagen is a common site for non-enzymatic glycation and
subsequent AGE formation(8, 16). Utilizing these properties, non-invasive skin
autofluorescence (SAF) and fluorescent bone assays have been used to estimate AGE
content. Increasing SAF values moderately correlate with pentosidine, CML, and CEL in the
skin despite the lack of fluorescence of CML and CEL, and negatively correlate with
estimated glomerular filtration rate (eGFR)(17-19). While SAF is rapid and non-invasive, it
varies based on skin tone and does not distinguish which AGEs are present. HPLC and
fluorescence assays can each be performed on bone specimens and are normalized by
hydroxyproline to estimate the amount of non-enzymatic crosslinks. However, pentosidine is
the only reliably distinguished AGE in bone tissue and the crosslinks formed by pentosidine
are scarce compared to CML(20). Fluorescence-based bone assays are typically normalized
to a quinine standard, which may better approximate the total number of AGEs in bone.
However, this method does not distinguish between the fluorescent AGEs and does not
account for non-fluorescent AGEs, which are likely more prevalent. Therefore, further work
is needed to develop techniques to identify and measure the amount and properties of the
various AGEs in bone.

Accumulation of AGEs in CKD

While hyperglycemia is known to drive AGE formation in diabetes, increased oxidative
stress may explain the buildup of AGEs in CKD patients without diabetes. In CKD, the
balance between pro-oxidant molecules and antioxidant mechanisms becomes altered as
antioxidants fail to decrease the pool of reactive oxygen species (ROS) due to chronic
inflammation(21, 22). Because oxidation is known to drive the glycoxidation reaction, a
critical step in the formation of pentosidine and CML, increased ROS levels increase AGE
production(23). To mitigate the effects of ROS, antioxidants including catalase, superoxide
dismutase, and glutathione peroxidase transform ROS into stable products. AGEs also
increase oxidative stress by increasing nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase (NOX) activity, a major producer of the superoxide radical(24). NOX
activity is notably induced by the receptor for AGEs (RAGE) signaling pathway, thereby
linking oxidative stress with AGE formation and activity on the cellular level. The pro-
oxidant effects of AGEs are mitigated by AGE receptor 1 (AGER1), which neutralizes AGEs
by binding and transporting them for degradation(25). However, chronic inflammation and
continuously elevated AGE levels reduce AGERL1 activity, resulting in increased oxidative
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stress(26). Taken together, oxidative stress is an important underlying cause of increased
AGEs in CKD patients, and AGEs disrupt the mechanisms responsible for neutralizing
oxidative stress and AGEs.

There is some evidence that an increase in exogenous AGEs can lead to increased
endogenous AGEs. AGEs are more prevalent in high fat foods and foods cooked with dry
heat(27). In one clinical study, diets higher in CML, CEL, and N&-(5-hydro-5-methyl-4-
imidazolon-2-yl)-ornithine (MG-H1) were correlated with higher levels in CML, CEL, and
MG-H1 in plasma and urine(28). Others have found similar positive correlations in serum
CML with dietary AGEs in patients with renal failure(29, 30). Our group found that
autoclaving rat food, a common practice in animal facilities, increased the content of AGEs
and accelerated kidney decline in our Cy/+ rat model of progressive CKD(31). Serum AGEs
do not necessarily indicate an increase in the AGEs in bone. There is some evidence in
diabetic and non-diabetic patients of a weak correlation between serum pentosidine and
cortical bone AGEs, though interestingly, not a correlation with total serum AGEs and
cortical bone AGEs(32). Higher AGEs have been observed in the bones of diabetic
patients(33), aged patients(34), and dialysis patients(35). However, given the frequently
concomitant nature of high AGE-diet, inflammation, and metabolic conditions, it is difficult
to determine the exact cause of increased bone AGEs.

When AGEs are continuously elevated, degradation and clearance mechanisms become less
efficient at removing AGEs from the circulation, resulting in increased accumulation in
tissues. AGEs are known to develop from glycated proteins, the most abundant of which are
collagens. While bone remodeling can remove AGEs bound to collagen, pentosidine was
found to reduce bone resorption by osteoclasts when cultured on bone sections(36). AGEs
further reduce osteoblast activity and mineralization while promoting apoptosis(37, 38).
Osteocytes are also affected by AGEs, resulting in increased sclerostin and decreased
Receptor activator of nuclear factor kappa-B ligand (RANKL) expression, resulting in an
overall inhibition of osteoblast and osteoclast activity and differentiation(39). Taken
together, the cellular effects of AGEs reduce the rate of bone turnover and increase AGE
accumulation in the bone, limiting the formation of high-quality bone and potentially
leading to microdamage accumulation and reduced mechanical properties(40).

Biomechanics and its Translation to Fracture Risk

Given the important structural role of bone, biomechanics is important to determine the
likelihood a disease or condition will result in an increased risk of fracture and to quantify
the effects of treatments. Although /in vivo assessments in humans by HR-pQCT can provide
insight, true testing requires ex vivo assessments of bone. One type of test involves
measuring the force a bone requires to be deformed until it fractures. The resulting force-
displacement curve (Figure 2A) has two characteristic regions: the elastic region where the
bone can return its original shape, and the plastic region where the sample has been
permanently deformed. There is an important distinction between extrinsic and intrinsic
material properties. Extrinsic mechanical properties represent mechanical behavior of the
entire structure and are influenced by the amount of material and the quality of that material.
Intrinsic mechanical properties result when extrinsic properties are normalized by the
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amount of material, and therefore reflect mechanical behavior at the tissue-level. Bone
quality refers to intrinsic mechanical properties regardless of the geometry and quantity of
the bone. For intrinsic mechanical properties, the force-displacement curve is converted to a
stress-strain curve (41), where stress is force per area and strain is the change in length
relative to the original length (Figure 2B,C). Ultimate force becomes ultimate strength, work
becomes toughness, and stiffness becomes modulus. Additional tests include local
indentation tests that measure properties on the micro- or nanoscale, fracture toughness and
fatigue testing (Table 1).

Overall fracture risk is an interplay between the properties described above. Strength is
strongly influenced by the mineralization of the bone(42) while toughness and post-yield
properties are primarily driven by the state of the collagen matrix. Strength determines how
likely a bone is to withstand a single load event such as a fall(43). Fracture toughness
reflects the likelihood of the bone to fail due to the presence of flaws in the tissues (e.g.
microdamage, porosities). A bone with low toughness is typically brittle with little ability to
dissipate energy through deformation during loading. A strong bone can still break in a
single load event if it is brittle. High energies needed for crack propagation would prevent
fracture from happening through this mechanism. Fatigue testing determines how likely the
bone will fail from damage accumulated over repeated loadings.

Enzymatic crosslinks form in bone between helical and non-helical domains of adjacent
collagen molecules (44). The process and types of enzymatic collagen crosslinking is
reviewed extensively elsewhere(10). Enzymatic crosslinks are important to bone quality, but
data on their contribution to mechanical integrity are inconsistent. Studies have shown that
bone mechanical properties are deteriorated when samples are treated with high dose gamma
irradiation(45) or p-aminopropionitrile (BAPN)(46) which break or prevent crosslinks,
respectively. In other studies with samples machined from human bone, mechanical
properties did not correlate with mature collagen enzymatic crosslinks(47). However,
collagen can also be crosslinked by AGEs such as pentosidine and glucosepane (Figure 3).
AGE crosslinks can negatively impact bone’s mechanical properties. One study found that
AGEs impeded fibril sliding of collagen in rat tail tendons incubated in ribose, increasing
brittleness(48) and reducing the post-yield mechanical properties of bone(49). Other studies
have found that propagation toughness negatively correlated with AGEs and that glycation
decreased energy dissipation of collagen molecules as measured by atomic force
microscopy(50). In human samples, AGE content measured by fluorescent AGEs negatively
correlated with fracture toughness(50). However, others reported no relationship between
pentosidine and mechanical properties(47). Increases in AGEs can deteriorate bone’s
mechanical properties, but this may occur conditionally based on disease state.

Effects of Skeletal AGEs and Treatments in CKD

While AGEs are known to form readily on collagen-bound Amadori products, few studies
have examined the direct effects of bone matrix-bound AGEs on skeletal properties in CKD.
Through a combination of /n vitroand in vivo studies using a rodent model of adenine
nephropathy, it was determined that AGEs reduce osteoblast LOX expression, disrupting the
proper enzymatic crosslinking of collagen fibrils in bone(51). Our group also detected
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elevated fluorescent AGEs including pentosidine in a naturally progressive rat model of
CKD, the Cy/+ rat, using fluorescent assays and HPLC, and AGEs increase most rapidly late
in the disease course(52). Pentosidine levels in Cy/+ rats were reduced by the compound
ALT-711, which has previously been shown to reduce AGEs in cardiac tissues(53, 54).
Additionally, antioxidant therapy with N-acetylcysteine (NAC) has been used in CKD
patients to reduce oxidative stress and is hypothesized to reduce downstream formation of
AGEs. Interestingly, NAC did not alter oxidative stress markers but did reduce bone AGE
content in Cy/+ rats, as determined by a fluorescent AGE assay(55). HPLC measurements
did not indicate changes in skeletal pentosidine levels, and bone mechanical properties failed
to improve. Therefore, pentosidine may be more closely related to bone mechanical
properties while other fluorescent AGEs play a less significant role in bone quality.

In dialysis patients, bone pentosidine is significantly increased and negatively correlated
with bone formation and mineralization(35), consistent with the effects of AGEs /n vitro and
in preclinical models. While measuring AGEs in the bone may be the most direct way to
assess their effects on strength, most human studies to date have assayed the skin and blood.
SAF measurements positively correlate with mortality in dialysis patients and circulating
AGE levels, namely pentosidine, correlate with vascular disease and chronic
inflammation(44, 56, 57). While these results are an important start to unraveling the
systemic and skeletal effects of AGEs, further work is needed to determine how skin and
serum AGE measurements compare to those in the bone, and which AGEs are responsible
for increasing bone fragility in CKD patients.

Conclusion

In summary, AGEs are elevated in CKD patients and directly impact bone matrix collagen
by forming non-enzymatic crosslinks. The accumulation of non-enzymatic crosslinks
contributes to the elevated fracture risk in CKD patients by decreasing bone quality. To date,
however, there are few clinical studies that have directly measured AGEs in bone, and
current measurement techniques do not provide a comprehensive view of the amount and
identities of AGEs in bone. Therefore, additional preclinical and clinical studies are needed
to determine the effects of specific AGEs on bone mechanical properties and to better
characterize the impact of treatments to reduce AGEs on fracture risk and fracture-related
mortality.
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Key Points

. CKD patients have elevated AGEs due to oxidative stress and inflammation,
which activate cell signaling through RAGE and AGER1 while accumulating
in the extracellular matrix

. AGEs form non-enzymatic crosslinks between bone collagen fibrils, reducing
bone toughness and increasing brittleness

. Measuring AGEs in CKD patients is typically indirect, and does not identify
or determine the properties of the detected AGEs

. Improving bone strength in CKD requires interventions that target bone mass
and quality
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Figure 1: Fracture Risk Increases with CKD Progression.
Hip fracture incidence increases as renal function worsens. While fracture risk increases

with age in the general population, fracture incidence is further elevated in aging CKD
patients(3). Previously published: Moe & Nickolas, Clin J Am Soc Nephrol, 2016 (3).
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Figure 2: Workflow for Determining Extrinsic and Intrinsic Bone Mechanical Properties.
Force-displacement curves generated during mechanical tests are used to calculate extrinsic

mechanical properties of the bone (A). The data is then normalized by the cross-sectional
area at the fracture site (B), resulting in normalized force (stress) and displacement (strain).
The resulting stress-strain curve is used to calculate intrinsic material properties (C). Fyt =
ultimate force; oyt = ultimate stress. Original figure.
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Figure 3: Schematic of Pentosidine Crosslinking two Collagen Molecules.
Pentosidine forms as a crosslink between the arginine and lysine residues on two different

collagen proteins. Original figure.
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