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Abstract

Ectopic calcifications in intervertebral discs (IVDs) are
known characteristics of IVD degeneration that are not
commonly reported but may be implicated in structural
failure and dysfunctional IVD cell metabolic responses.
This study investigated the novel hypothesis that ectopic
calcifications in the IVD are associated with advanced
glycation end products (AGEs) via hypertrophy and
osteogenic differentiation. Histological analyses of human
IVDs from several degeneration stages revealed areas of
ectopic calcification within the nucleus pulposus and at
the cartilage endplate. These ectopic calcifications were
associated with cells positive for the AGE methylglyoxal-
hydroimidazolone-1 (MG-H1). MG-H1 was also co-
localised with Collagen 10 (COL10) and Osteopontin
(OPN) suggesting osteogenic differentiation. Bovine
nucleus pulposus and cartilaginous endplate cells in cell
culture demonstrated that 200 pg/mL AGEs in low-glucose
media increased ectopic calcifications after 4 d in culture
and significantly increased COL10 and OPN expression.
The receptor for AGE (RAGE) was involved in this
differentiation process since its inhibition reduced COL10
and OPN expression. We conclude that AGE accumulation
is associated with endochondral ossification in IVDs and
likely acts via the AGE/RAGE axis to induce hypertrophy
and osteogenic differentiation in IVD cells. We postulate
that this ectopic calcification may play an important role
in accelerated IVD degeneration including the initiation
of structural defects. Since orally administered AGE and
RAGE inhibitors are available, future investigations on
AGE/RAGE and endochondral ossification may be a
promising direction for developing non-invasive treatment
against progression of IVD degeneration.
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Introduction

Intervertebral disc (IVD) degeneration (IDD) is a
progressive condition and presents a major socioeconomic
burden for western societies because of its strong
association with back pain (Web ref.1; Vos et al., 2012).
The causes for IDD are multifactorial and risk factors
include heritability, rapid increase in weight, obesity, low
physical activity levels and smoking (Samartzis et al., 2011;
Wang et al., 2012; Williams et al., 2011). Consequently,
environmental factors including diet are likely to play
a role in accelerating IDD. A need for alternate and
earlier interventions for IDD exists since individuals that
underwent spine fusion surgery had a 30-40 % increased
risk for developing IDD in adjacent levels (Kumar et al.,
2001; Park et al., 2004). Research on regenerative therapies
show greatest potential for treating early stages of IDD;
however, early IDD can be asymptomatic and difficult to
distinguish from aging. Furthermore, injectable treatments
at early stages of IDD are not ideal because the resulting
needle puncture and injection can accelerate IDD (Carragee
etal.,2009; Michalek et al., 2010). Together, the literature
suggests a substantial need to develop novel ways to assess
or prevent painful IDD.

IDD is most commonly characterised by loss
of IVD height, structural defects, loss of water and
glycosaminoglycan content, chronic inflammation and
catabolic metabolism (Adams et al., 2006; Antoniou et
al.,2013; Le Maitre et al., 2007). Although less commonly
reported, IDD is also known to be associated with ectopic
calcifications in the nucleus pulposus (NP) (Roberts et
al., 1998), subchondral endplate sclerosis (Moskowitz et
al., 1990) and hypertrophic differentiation, manifested by
increased Collagen 10 (COL10) expression and ongoing
mineral deposition such as the presence of calcium deposits
with progressing IDD (Boos et al., 1997; Hristova et al.,
2011; Melrose et al., 2009; Rutges J et al., 2010). Interstitial
and pericellular calcification of the NP can lead to cell
death, reduced cell turnover and impaired NP viability
(Loreto et al., 2011). Ectopic calcifications and other
vertebral bone changes were observed with increased IDD
in type I & 1I diabetic rodent models, further supporting
the potential association of IDD with dysfunctional
calcifications (Illien-Junger et al., 2013; Moskowitz et
al., 1990). We recently showed that a high advanced
glycation end product (AGE) diet resulted in exogenous
AGE accumulation in the mouse spine and was directly
associated with ectopic calcification, hypertrophy and
IDD (Illien-Junger et al., 2015). If AGE accumulation can
induce ectopic calcifications and focal defects in addition
to well-known tissue stiffening and brittleness, then there
are multiple pathways how AGE accumulation can induce
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structural disruption and painful IDD (Illien-Junger et
al., 2015). Improved knowledge about AGEs and ectopic
calcification are therefore a high clinical priority.

AGE formation occurs in tissues as a normal part of
aging from non-enzymatic reactions or Maillard reactions
between reducing sugars and free amino groups on
proteins, lipids and nucleic acids (Ahmed, 2005; Vlassara
etal.,2011). Common AGEs including Ne-carboxymethyl-
lysine, pentosidine, and glucosepane are associated with
protein structural changes, while reactive AGE precursors
such as the cytotoxic metabolite methylglyoxal (MQG)
and its derivatives such as the AGE methylglyoxal-
hydroimidazolone-1 (MG-H1) are linked to cellular injury
(Cai et al., 2012; Karim et al., 2013; Kim et al., 2010;
Monnier et al., 2014; Nemet et al., 2005).

Studies demonstrating mechanisms of AGE induced
ectopic calcifications are notably limited. AGEs can induce
ectopic calcification in vascular tissues (Pugliese et al.,
2015; Wang et al., 2012). Activation of the receptor of
AGE (RAGE) (Wei et al., 2013) was recently shown to
induce hypertrophy in podocytes (Liebisch e al., 2014) and
calcification in smooth muscle cells (Wang ef al., 2013b).
However, the cellular microenvironment in IVDs is very
different from that in more highly vascularised tissues,
thereby requiring further investigation.

We hypothesise that AGE accumulation in IVDs is
associated with ectopic calcifications and that AGE can
directly induce hypertrophy and osteogenic differentiation
of IVD cells contributing to IDD. The aim of this study
was to evaluate if AGE accumulation is associated with
ectopic calcification in human IVDs and to investigate
if AGEs are causative for induction of endochondral
ossification. Ectopic calcification, hypertrophy and
osteogenic differentiation via the AGE/RAGE pathway
were assessed to determine extent of endochondral
ossification. Investigations of this under-explored pathway
could elucidate novel non-invasive treatment options for
IDD.

Materials and Methods

Overall study design

Human IVDs from autopsy were evaluated to identify
presence of ectopic calcifications and their localisation
near structural defects within IVD and endplate tissues.
Human IVDs were also histochemically analysed for co-
localisation of the AGE precursor MG-H1 with markers of
calcifications, hypertrophy and osteogenic differentiation.
Bovine NP and cartilage endplate (CEP) cell culture
and immunocytochemistry experiments were performed
with exogenous AGE stimulation and RAGE induced
inhibition to mechanistically test for relationships between
AGEs, calcifications and hypertrophic and osteogenic
differentiation. AGEs, calcifications and markers
identifying hypertrophy and osteogenesis were assessed
with immunohistochemistry and western blot. COL10
was chosen as a marker for hypertrophy because it is well
known to be expressed in hypertrophic chondrocytes and
has been reported to be expressed in degenerated IVDs
(Hristova et al., 2011; Rutges JP et al., 2010). Osteopontin
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Table 1. Human IVD specimen information.

IVD level Age Sex Degenerative Grade
Lumbar 3/4 | 44 Male 2
Lumbar 3/4 | 47 | Female 4
Lumbar 1/2 | 85 Male 5
Lumbar 3/4 | 81 | Female 3
Lumbar 4/5 | 93 Male 4

(OPN) is known to be associated with ectopic calcification
in IVDs and was chosen over alkaline phosphatase, osterix
or osteocalcin, because of its dual role in chondrocyte
hypertrophy and ectopic calcification, where intact OPN
acts as inhibitor (Hunter, 2013) and OPN fragments
contribute to ectopic calcification (Shao et al., 2011).

Human IVD preparation

Permission for the use of cadaveric material was obtained
prior to specimen procurement. Human lumbar IVDs
(Thompson grade 2-5) were isolated from spinal segments
from autopsy samples (Table 1). Excess tissue was removed
and IVDs were isolated with a band saw (Marmed,
Cincinnati, OH, USA) by cutting through the vertebrae
adjacent to the IVD retaining a thin layer of the superior
and inferior vertebral endplates. Thompson degeneration
grading was performed for each IVD segment prior fixation
(Thompson et al., 1990). IVDs were fixed in zinc formalin
(Z-Fix, Anatech LTD, Battle Creek, MI, USA) for at least
48 h and processed and embedded in methyl-methacrylate
(03629-4, Fisher Scientific, Waltham, MA, USA) (Laudier
et al., 2007).

Immunohistochemistry and histology of human IVDs
Human IVDs were assessed histologically for calcifications
(von Kossa, Bills et al., 1971) and immunohistochemically
(chromogenic and fluorescent for double staining). To
assess markers of hypertrophy, osteogenic differentiation
and AGEs, 5 um thick mid-sagittal histological sections
were taken from each sample using a rotary microtome
(Leica SM2500 base, Wetzlar, Germany). All sections
were de-plasticised in a series of toluene (Fisher Chemical,
Fail Lawn, NJ, USA) petroleum-ether and ethylene
glycol mono ethyl ether (Fisher Chemical, Fail Lawn,
NJ, USA) as previously described (Laudier et al., 2007).
Immunohistochemistry was performed for Collagen 10
alpha-1 (COL10, concentration: 1:200; ab58632, abcam,
Cambridge, MA, USA), a marker for hypertrophy, and
osteopontin (OPN, concentration: 1:200; ab33046,
abcam, Cambridge, MA, USA), a marker for osteogenic
differentiation which is also expressed in atherosclerotic
arteries and has been associated with vascular calcification
in the IVD (Hristova et al., 2011; Scatena et al., 2007).
AGEs were also assessed with immunostaining for
methylglyoxal-hydroimidazolone (MG-H1, concentration:
1:250; STA-011, Cell Biolabs, San Diego, CA, USA), an
AGE that is associated with atherosclerotic calcifications
(Heier et al., 2015) and the receptor for AGE (RAGE,
concentration 1:200; ab37647, abcam, Cambridge,
MA, USA), a trans-membrane receptor which has been
associated with vascular calcification (Cecil ef al., 2011).
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De-plasticised sections were washed in distilled water,
incubated for 5 min in Proteinase K (s3020, DAKO,
Carpinteria, CA, USA), and followed by another wash.
Non-specific binding was blocked with blocking solution
(DAKO, Carpinteria, CA, USA) and incubated with the
primary antibody for 2 h at room temperature. Sections
were then rinsed with distilled water and incubated in
secondary antibodies for either chromogenic or fluorescent
staining. For chromogenic staining, samples were
incubated for 30 min in ImmPRESS detection solution
(ImmPRESS reagent kit peroxidase anti rabbit Ig, MP-
7401 or InmPRESS reagent kit peroxidase anti mouse Ig,
MP-7402, Vector Laboratories, Burlingame, CA, USA),
rinsed again and incubated for 1 min in ImmPACT staining
substrate (ImmPACT DAB, peroxidase substrate kit SK-
4106; Burlingame, CA, USA). Sections were then washed
in distilled water and counterstained with toluidine blue
(T-161, Fisher Scientific, Waltham, MA, USA) for 30 s,
rinsed in distilled water, ethylene glycol monoethyl ether
and toluene and then cover-slipped (Eukitt, Sigma-Aldrich,
St. Louis, MO, USA). Negative controls were treated the
same but were incubated with a universal negative control
(X0902, DAKO, Carpinteria, CA, USA) instead of the
primary antibody. We validated immunohistochemistry
antibodies by assessing their reactivity in resin-embedded
samples (as compared to paraffin-embedded samples
described on data sheets) by using negative controls
and by having identified specific staining confirmed
by our histologist (DML, who was blinded on sample
identification).

Co-localisation of MG-H1 staining with calcification
was detected with chromogenic stained MG-H1 sections
that were subsequently stained for von Kossa. Co-
localisation of MG-H1 with COL10 or OPN was detected
with double-labelled fluorescent staining where the primary
antibodies (mouse anti MG-H1 with rabbit anti COL10
or rabbit anti OPN) were incubated simultaneously in
blocking solution (DAKO, Carpinteria, CA, USA) for
2 h at room temperature. Sections were then rinsed with
distilled water and incubated for 30 min simultaneously
in secondary antibodies (for COL10 or OPN: Cy5 donkey
anti rabbit, concentration 1:700; 711-175-152, Jackson
ImmunoResearchLab, West Grove, PA USA; for MG-H1:
Alexa Fluor 594 goat anti mouse, concentration 1:700;
A11032, Molecular Probes, Eugene, OR, USA). Samples
were rinsed in distilled water and cover-slipped with
ProLong Gold Antifade Reagent with DAPI (Molecular
Probes, Eugene, OR, USA). Negative controls were treated
the same but were incubated with a universal negative
control (DAKO, Carpinteria, CA, USA) instead of the
primary antibodies.

RAGE, COL10 and OPN chromogenic samples were
imaged using bright field; co-localisation of MG-H1
with von Kossa was determined by using Differential
Interference Contrast (DIC) microscopy; co-localisation
of MG-H1 with COL10 or OPN was determined by
fluorescence by visualising Cy5 in red and Alexa Fluor
594 in green. All imaging was performed using an Axio
Imager Z1 (Zeiss, Oberkochen, Germany).
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Bovine cell isolation

Bovine tails (n = 6) were obtained from a local abattoir
(Green Village Packing, Green Village, NJ, USA) within
24 h of death. Tails were rinsed in 70 % ethanol, the
surrounding tissue was removed, 4 IVDs were dissected
and NP or CEP tissues were isolated. The NP was isolated
with a 8 mm biopsy punch from the centre of the disc and
rinsed in 70 % ethanol and minced into 2 mm? pieces. The
CEP was carefully scratched from the bone endplate by
using a size 11 scalpel blade and CEP pieces were rinsed
in 70 % ethanol. NP and CEP pieces were washed in sterile
PBS (Fisher Scientific, Pittsburg, PA, USA) containing
3 % penicillin-streptomycin (Thermo Scientific, Waltham,
MA, USA) and 1.5 % Fungizone (Thermo Scientific,
Waltham, MA, USA) followed by washing 3% in sterile
PBS (centrifuged for 10 min at 0.5 RCF). Tissue pieces
were incubated in 25 mL Dulbecco’s Modified Eagle
Medium (DMEM, Gibco, Life Technologies, Grand Island,
NY, USA) containing 0.05 g pronase from Streptomyces
griseus (pS147, Sigma-Aldrich, St. Louis, MO, USA) for
1 h at 37 °C, washed 3x in sterile PBS (centrifuged for
10 min at 0.5 RCF) and incubated for 12 h in 25 mL DMEM
containing 0.003 g collagenase type II (#17101015, Life
Technologies, Grand Island, NY, USA). Cells were then
filtered through a 70 um cell strainer (#22363548, Fisher
Scientific, Waltham, MA, USA) and washed 3% in sterile
PBS (centrifuged for 10 min at 0.5 RCF). Supernatant
was replaced by standard high glucose DMEM media
containing 10 % FBS (900-108, Gemini Bio Products,
Broderick, CA, USA) and cell suspensions were transferred
to cell culture flasks and expanded in 21 % O, 5 % CO, at
37 °C in humidified atmosphere.

Bovine cell culture conditions

All cell culture experiments were performed in 5 % O,,
5 % CO, at 37 °C in humidified atmosphere. Cells were
cultured in culture slides (5000 cells/well, 4 wells/
slide; Corning, Big Flats, NY, USA) for histology and
immunocytochemistry or seeded in 6 well plates (30000
cells/well) for protein analysis. After 24 h pre-culture,
cells were stimulated with AGE-BSA media (200 pg/
mL; Biovision, Milpitas, CA, USA) in low glucose
(1 g/L) DMEM + 1 % ITS (35452, Discovery Labware,
Bedford, MA, USA) + 1 % FBS + 0.2 % ascorbic acid
(A4544, Sigma, St. Louis, MO, USA) + 0.2 % Primocin
(SH300042.01, InvivoGen, San Diego, CA, USA). Control
media (BASAL) used BSA (200 pg/mL, Equitech-Bio,
Kerrville, TX, USA) instead of AGE-BSA. To assess if
AGE:s act via the AGE/RAGE pathway, 0.01 mM RAGE
Antagonist Peptide (RAP — Calbiochem, EMD Millipore,
Billerica, MA, USA) was added to the culture media
1 h before AGE-BSA or BSA supplementation. The
experiments were performed for 4 d with media changes
on day 1 and day 3.

Immunocytochemistry of bovine IVD cells

Immunocytochemistry was performed with the same
antibodies as mentioned above. For COL10 (n =4), OPN
(n = 4) and RAGE (n = 3) immunocytochemistry, the
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chambers on the culture slides were carefully removed
and slides were washed in PBS before cell fixation in 4 %
paraformaldehyde (16 % paraformaldehyde, Electron
Microscopy Sciences, Hatfield, PA, USA, diluted in PBS).
After permeabilisation with 0.1 % Triton-X100 (BP 151-
100, Fisher Scientific, Waltham, MA, USA) in PBS, free
binding sites were blocked with universal blocking solution
(Dakoprot block # x0909; DAKO, Carpinteria, CA, USA)
and cells were incubated with the primary antibodies
(COL10, concentration 1:200; OPN concentration 1:200;
RAGE concentration 1:200) or negative control for 2 h at
room temperature. After incubation, the slides were washed
in PBS + Tween 20 (PBST, Thermo Scientific, Rockford,
IL, USA) and cells were incubated with the secondary
antibodies for 30 min at room temperature followed by
washing in TBS + Tween 20 (TBST, Bio-Rad Laboratories,
Hercules, CA, USA). Slides were cover-slipped with
ProLong Gold Antifade Reagent with DAPI (Molecular
Probes, Eugene, OR, USA) and stored in the dark at 4 °C.
Percent positive cells were quantified using Cellprofiler
(http://www.cellprofiler.org/download.shtml). To assess
calcification, NP cells (n = 6) or CEP cells (n = 2) were
fixed with 4 % paraformaldehyde and mineralisation was
visualised by von Kossa staining as described by Puchtler
etal., 1978.

NP cell lysis and protein concentration determination
After culture (n = 3) cells were harvested by detaching
the cells with a cell scraper (Fisher Scientific, Waltham,
MA, USA) in ice-cold PBS. Following centrifugation,
cell pellets were lysed in lysis buffer (M-Per mammalian
protein reaction reagent #78501, Thermo Scientific,
Waltham, MA, USA) + proteinase inhibitor (Halt Protease
and Phosphatase inhibitor cocktail #78440, Thermo
Scientific, Waltham, MA, USA) and sonicated (Sonic
dismembrator’ Fisher Scientific, Waltham, MA, USA).
To remove cellular debris, the suspension was centrifuged
again and the supernatant was transferred into a fresh
tube and the protein concentration was determined by DC
protein assay (5000111; Bio-Rad Laboratories, Hercules,
CA, USA). Samples were stored at —80 °C until use.

Western blot analysis

Proteins were separated by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE; Bio-Rad
Laboratories, Hercules, CA, USA). 20 pg protein samples
were loaded on 10 % gels (4 % stacking gel + 10 %
resolving gel; all solutions were purchased from Bio-Rad
Laboratories, Hercules, CA, USA; protein standards:
Precision Plus Protein Dual Color Standard #1610374;
Bio-Rad Laboratories, Hercules, CA, USA and SeeBlue
Plus2 Pre-stained Protein Standard #L.C5925; Invitrogen,
Carlsbad, CA, USA). After electrophoresis, proteins
were transferred on nitrocellulose blotting membranes
(Protran BA Cellulosenitrat; Schleicher & Schuell, Dassel,
Germany). Following the protein transfer, membranes were
incubated for 30 min in blocking buffer (5 % milk powder
in 1 % TBS + Tween 20) and then incubated with the
primary antibody over night at 4 °C on an orbital shaker.
For COL10 (1:300) and OPN (1:300) the same antibodies
as described above were used; B-Actin (1:5000; ab8227;
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abcam, Cambridge, MA, USA) was used as control because
it is ubiquitously expressed in eukaryotic cells. The next
day the membranes were washed in TBST and incubated
with the secondary antibody for 2 h at room temperature
on an orbital shaker. After washing, the membranes were
incubated in ECL solution (Pierce ECL Western Blotting
Substrate #32106; Thermo Scientific, Waltham, MA, USA)
and visualised on X-ray films (Fuji X-Ray film, Cedar
Falls, IA, USA). X-ray films were scanned and analysed
by ImagelJ software (https://imagej.nih.gov/ij/).

Statistics
Paired Student’s #-tests were used to determine significance,
a p-value < 0.05 was considered significant.

Results

Ectopic calcifications were present in human IVDs

of various degeneration stages and often co-localised
with MG-H1

Histological analysis of grade 2, 3, 4 and 5 IVDs
revealed areas of ectopic calcification using von Kossa
staining (Fig. 1). Ectopic calcifications were identified
as ossifications within the normally cartilaginous NP and
CEP tissues. Ectopic calcifications were further identified
as ossifications within the CEP when the cartilaginous
region was disrupted by areas of ossifications. Ossifications
were already observed in grade 2 IVDs but increased
with degeneration (Fig. 1). At higher magnification, von
Kossa stained calcified deposits appeared granulated and
were observed in pericellular regions of MG-H1 positive
cells which were often located in clusters (representative
staining displayed in a grade 3 IVD, Fig. 2 a,b).

Markers for endochondral ossification and RAGE
were associated with MG-H1 expression
In human IVDs, the NP regions contained granulated
structures and clusters of large cells that were positive for
RAGE, COL10 and OPN (Fig. 2 ¢-h). The co-localisation
of MG-H1 with COL10 and OPN was identified in NP
and CEP regions in IVDs of multiple degenerative grades
and they were often associated with structural defects.
Little positive staining was observed in grade 2 IVDs,
while moderate presence in grade 3 and 4 IVDs and
severe presence in the grade 5 IVD was observed. The co-
localisation of immunopositive stains was further validated
with immunofluorescent staining that demonstrated dual
staining of IVD cells for MG-H1 with COL10 and OPN
in clustered cells (grade 3 and 5 IVDs shown in Fig. 3).
Markers for endochondral ossifications, especially
in CEPs, increased with more severe IDD, implicating
that the AGE/RAGE pathway is involved with ectopic
calcifications in human IVDs and is likely contributing to
IDD.

AGE stimulation increased von Kossa, COL10 and
OPN staining in bovine NP and CEP cells

von Kossa staining of bovine NP and CEP cells revealed
increased mineralised deposits in intracellular and
pericellular regions following 4 d in culture with AGE
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degeneration stages. Representative overview images of human IVDs of varying degenerative levels including (a)
grade II, (b) grade 111, (¢) grade 1V, and (d) grade V. The von Kossa staining identifies ossifications as dark black/
brown staining and boxes mark region of interest in NP (blue box) and CEP (red box) regions. In NP regions (e-h),
calcified deposits were located close to fissures. Arrows denote calcified deposits and asterisks denote fissures in
NP tissues. In CEP regions (i-1), irregular ossified structures were also identified in all degenerative grades. Arrows
denote calcified deposits and arrow heads denote intact CEP.

Table 2. Summary of studies investigating associations of hypertrophy (COL10) and osteogenic differentiation (OPN)
with ectopic calcifications and endochondral ossification in IDD.

Reference Species Summary
(Yehet al., Human AF cells | Endochondral ossification in IDD was induced by resident progenitor cells in the annulus fibrosus.

2016) (surgery) Osteogenic differentiation was induced in normal and degenerated AF cells with osteogenic medium.
Mineralisation, increased gene expression of Runx2, alkaline phosphatase and osteocalcin was more
prominent in degenerated AF cells. Overexpression of microRNA-221 decreased the osteogenic potential of
degenerated AF cells, indicating that endochondral ossification can be regulated by microRNA-221.

(Marfia et al., Human IVD- | OPN gene expression was significantly increased in MSCs from degenerated IVDs compared to MSCs

2015) MSC from herniated IVDs. OPN protein was only detected in MSCs from degenerated IVDs, suggesting that

(surgery) OPN plays an important role in IDD.
(Hristova et al., | HumanIVD | COL10 positive cells, ectopic calcifications and endochondral ossifications were increased in degenerated

2011) (scoliosis and scoliotic IVDs, suggesting that IDD is associated with ongoing mineral deposition and might be related

surgery) to degenerative processes.
(autopsy)
(Bian et al., RatIVD Prolonged upright posture induced cartilage end-plate calcification and hypertrophy in rat lumbar spine as

2011) (in vivo) detected by uCT, histology, immunohistochemistry and gene expression for COL10, VEGF and TGFp3.

(Rutges et al., Human IVD | Degenerated NP tissue was more positive for COL10, OPG and Runx2. Osteoprotegerin levels correlated

2010) (autopsy) significantly with degeneration grade and number of microscopic calcifications measured on uCT and von
Kossa staining. Results indicated that hypertrophic differentiation occurs during IDD.

(Melrose et al., Ovine IVD Ectopic calcification in aged ovine IVDs likely precedes or predisposes IVD degeneration and occurred

2009) independently from COL10 and OPN expression.

(Roberts et al., Human IVD | COL10 positive enlarged hypertrophic chondrocyte-like cells were most commonly found in NP tissue of

1998) (fusion surgery) | degenerated IVDs, in areas of disorganised architecture, such as clefts, and in areas of CEP that calcified
ectopically, suggestive of IDD.

(Boos et al., Human IVD | COL10 was localised in degenerated IVDs in the pericellular region of the ECM and increased with aging

1997) (autopsy) and degeneration.

(Moskowitz et Rat IVD Aging diabetic rats exhibited IDD including IVD ossification, ligamentous calcifications, subchondral
al., 1990) (motion endplate sclerosis as well as IVD-space narrowing, chondrocyte replication and IVD necrosis.
segment)
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CEP tissue

MG-H1 +__ von Kossa

CcOoL10

Fig. 2. Large COL10, OPN, MG-H1 and RAGE positive cells are often located in clusters and surrounded by granulated
matrix. Human grade 3 IVD: Differential interference contrast image of (a) NP and (b) CEP tissue. Calcified deposits
(von Kossa) are located pericellular to brown MG-H1 positive cells. Bright field images of (¢,d) RAGE, (e,f) COL10
and (g,h) OPN positive NP cells (c,e,g) and CEP cells (d,f,h) co-stained with toluidine blue to visualise cell morphology
(blue). (i,j) Negative controls (NP tissue). Arrow heads denote positive cells (brown chromogenic staining); arrows
denote calcified particles (dark von Kossa stain); asterisks denote granulated structures.
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DAPI

overlay

Fig.3. Co-localisation of COL10 and OPN with MG-H1 suggest a role of AGEs in endochondral ossification.
Representative images of NP tissue of Grade 5 (COL10) and grade 3 (OPN) expression; (a) COL10 and (e) OPN
co-localise with (b,f) MG-H1 in human NP tissue; (i-1) negative control. Arrows indicate positive staining and DAPI

nuclei staining.

media (Fig. 4). Immunocytochemical analysis of bovine
NP cells cultured with AGE media showed significantly
increased expression of the hypertrophy marker COL10
(BASAL: 7.2 + 3.0 %; AGE: 354 + 11.7 %, n = 4;
p = 0.01) and the osteogenic marker OPN (BASAL.:
9.5 £12.3 %; AGE: 57.8 £ 24.4 %, n = 4; p = 0.046).
COL10 immunostaining was mainly present within the
elongated processes of interconnecting cells and OPN
was detected intracellularly. RAGE staining was faintly
expressed intracellularly in both conditions (BASAL:
43.2 £ 14.9 %; AGE: 63.6 £ 2.3 %; n = 3; Fig. 4).

AGE-mediated COL10 and OPN expression was
downregulated after RAGE inhibition

Western blot analysis confirmed that AGE exposure
increased COL10 (~58 kDa) and OPN protein expression
in bovine NP cells (Fig. 5). OPN was detected as full-length
protein (66 kDa) and the MMP cleaved fragment (32 kDa),
which is known to contribute to ectopic calcification (Shao
et al., 2011). Addition of RAGE inhibitor to the culture
media decreased COL10 and OPN expression, further
suggesting that AGEs induce endochondral ossification
via the AGE/RAGE axis.

Discussion

Understanding initiators for IDD is essential for developing
treatments to prevent the onset and progression of IDD.
We hypothesise that AGE accumulation in IVDs is
associated with IVD calcifications and that AGEs can
directly induce hypertrophy and osteogenic differentiation
of IVD cells. This hypothesis is based on the knowledge
that AGE accumulation is associated with calcifications in
vascular tissues (Hangai et al., 2016; Heier et al., 2015;
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Wang et al., 2012) but has not been shown in the IVD or
collagenous tissues. Our results indicated that the AGE
MG-H1 was associated with ectopic calcifications in
human IVDs from various degeneration stages and that
MG-H]1 was also associated with markers of endochondral
ossification, hypertrophy and the involvement of RAGE.
These human IVD tissue associations were further
borne out with mechanistic studies on bovine IVD cells.
AGE stimulation of bovine NP and CEP cells in culture
induced ectopic calcifications, resulted in slightly elevated
RAGE expression in NP cells and significantly increased
expression of COL10 and OPN, indicating a direct role
of AGEs in endochondral ossification. Furthermore,
inhibition of COL10 and OPN by exposure to a RAGE
inhibitor peptide demonstrated a role for AGEs in ectopic
calcifications and suggested that AGEs act through the
AGE/RAGE pathway on IVD cells, providing a potential
target for future preventive IDD treatments. With this
study we added to the postulation that AGEs can lead to
focal defects and structural disruptions that result in [IVD
degeneration, as previously described (Illien-Junger et
al., 2015). Structural disruptions distinguish aging from
IVD degeneration and can result in pain (Adams and
Roughley, 20006).

Ectopic calcifications and fissures are known markers
for IDD (Rutges et al., 2010). We demonstrated here
that ectopic calcifications were located close to fissures
within the NP of I[VDs from various degeneration stages.
It is known that hard inclusions in soft materials create
stress concentrations (latridis et al., 2004) and the
proximity of the observed calcifications in the relatively
soft cartilaginous IVD tissues might have been nucleation
sites that initiated cracks and fissures. Although CEP
fissures are less frequently observed in IDD, excessive
ectopic calcifications might play a role in more generalised
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Fig. 4. Mineralised deposits and expression of COL10 and
OPN after 4 d AGE exposure indicate a direct relationship
of AGEs on endochondral ossification in bovine cell
culture. (a) Mineralised deposits were visible after 4 d
AGE exposure in NP (top) and CEP (bottom). Inserts show
higher magnification of representative regions. Arrows
mark ectopic calcifications. (b) Immunocytochemistry
with RAGE (top), COL10 (middle) and OPN (bottom)
after 4 d culture. White arrows mark positive stained cells.
(¢) Quantification of RAGE, COL10 and OPN positive
cells after 4 d culture; * p <0.05; n=4, COL10 and OPN;
n=4, RAGE.
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Fig. 5. Inhibition of RAGE reduces effect of AGEs on
NP cell differentiation, indicating potential pathway of
endochondral ossification via the AGE/RAGE axis. (a)
Representative images of protein expression determined
by western blot of (left) COL10 (58 kDa) and (right)
OPN (full length: 66 kDa & MMP cleaved: 32 kDa); (b)
quantitative analysis of protein expression normalised to
BASAL control (n = 3).

vertebral endplate sclerosis commonly associated with
reduced IVD nutritional pathways and degeneration
(Benneker et al., 2005; Roberts et al., 1996). Similar to our
findings, microscopic calcifications have been reported to
be present in degenerative and non-degenerative IVDs and
were observed within and around cells (Rutges et al., 2010),
further suggesting that IVD cells can undergo osteogenic
differentiation and produce ectopic calcifications.

Few studies have investigated endochondral ossification
as a potential pathway for IDD (Table 2). COL10
is synthesised by hypertrophic chondrocytes during
endochondral ossification in the growth plate of IVDs
(Mwale et al., 2000; Tchetina ef al., 2003) and is expressed
in aged and degenerated IVDs (Boos et al., 1997). OPN
is a highly phosphorylated and glycosylated protein that
is associated with mineralisation in osseous tissues where
it acts as mineralisation inhibitor by regulating osteoclast
activity (Chellaiah et al., 2003). In bone fragments of type
2 diabetic patients, OPN together with other key factors
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of osteoblast metabolism such as runt-related transcription
factor 2 (Runx2) and integrin-binding sialoprotein
(IBSP) were increased by more than 50 % and thought to
potentially build the biomolecular basis for higher bone
mass and at the same time a higher risk of bone fracture
of type 2 diabetic patients (Haug et al., 2014). Melrose et
al. (2009) reported that calcifications in aged ovine IVDs
may precede or predispose to IDD in agreement with our
findings that calcifications were present in the NP and CEP
and increased with severity of degeneration. In contrast,
Melrose et al. (2009) reported that neither COL10 nor OPN
were present in calcified deposits — suggesting that ectopic
calcification did not occur by endochondral ossification in
the ovine model, but concluded that ossification mechanism
in the ovine model are likely to be distinct from human
IVDs and suggested that a direct comparison between
sheep and human IVDs would be inappropriate. While
species differences may account for different ossification
mechanism it remains possible that calcifications in human
IVDs occur by endochondral and non-endochondral
mechanisms.

It is widely accepted that OPN is strongly upregulated
in pathological ectopic calcifications such as vascular
calcifications thought to be associated with arterial stiffness
in coronary artery diseases (Berezin et al., 2013), or renal
crystal formation, gallstone formation and pathologic IVD
mineralisation (Giachelli ef al., 1993; Hirose et al., 2012;
Imano et al., 2010; Kahles et al., 2014; Marfia et al., 2015).
The observed expression of COL10 and OPN positive cells
within granulated structures in IVDs of all degeneration
stages indicates possible focal endochondral ossifications
in [VDs.

In atherosclerosis, ectopic calcifications can be caused
by AGE accumulation (Wang et al., 2012). Morphological
assessment of human I[VDs demonstrated that hypertrophy,
osteogenic differentiation and ectopic calcifications were
associated with MG-H1 and RAGE, suggesting a potential
correlation between AGE accumulation and ectopic
calcification in IVDs. Further, AGE stimulation of bovine
NP and CEP cells led to increased presence of calcified
particles, supporting a direct effect of AGEs on ectopic
calcification independent from glucose. Yet it is possible
that AGEs increased oxidative stress or induced alternate
pathophysiological conditions with ectopic calcifications
as a downstream effect.

Detrimental effects of AGEs on NP cells were also
described by Tsai et al. (2004) who demonstrated up-
regulation of MMP2 and RAGE after AGE exposure to
diabetic NP cells from rat and human. They concluded
that hyperglycaemia contributed to AGE formation due to
the increased sugar concentrations leading to activation of
MMP2 and matrix degradation. In our cell culture study
exposure to AGEs resulted in increased OPN cleavage,
which has been shown to act as a pro-inflammatory
cytokine and a pro-angiogenic factor facilitating vascular
mineralisation (Scatena et al., 2007) and osteogenic
differentiation (Shao et al., 2011). Interestingly, we
observed a baseline RAGE expression after culture in
BASAL medium, which did not increase significantly
after AGE supplementation. RAGE is known to be
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present in low levels on several cell types (Kierdorf et al.,
2013) and that once AGE accumulation reaches a critical
threshold it could induce RAGE activation (Lander et al.,
1997; Ramasamy et al., 2012). RAGE involvement in the
observed AGE-induced endochondral ossification is likely,
especially, since RAGE inhibition resulted in decreased
COL10 and OPN expression. Therefore, we believe that
AGE stimulation may have increased RAGE activation,
rather than increased RAGE expression. However, RAGE
staining on our bovine samples was faint and sample size
relatively low so that future studies are required to better
clarify if increased RAGE activation or expression is
responsible for the observed effects.

Taken together with the literature, the current
results suggest that AGEs may play a role in ectopic
calcifications in multiple cell types and the observed co-
localisation of MG-H1 with COL10 and OPN suggests
that AGE accumulation is associated with endochondral
ossifications. The RAGE inhibitor reduced COL10 and
OPN in bovine NP cells, suggesting that AGE-induced
endochondral ossification in IDD could be mediated via
the AGE/RAGE pathway and suggests that RAGE could be
a potential target candidate for drug treatment. The trans-
membrane receptor RAGE is upregulated in the presence
of AGEs (Tanikawa et al., 2009), has been associated with
AGE accumulation and vascular calcification (Cecil and
Terkeltaub, 2011) and is correlated to the pathogenesis of
accelerated atherosclerosis by multiple ligands (Suga et
al.,2011; Tanikawa et al., 2009; Wang et al., 2013a).

Only few studies have investigated the AGE/RAGE
pathway in relation to IDD (Fields et al., 2015; Tsai et
al., 2014; Yokosuka et al., 2006; Yoshida et al., 2009).
Yokosuka et al., 2006 demonstrated that AGEs and RAGE
co-localised in human IVDs and showed that exposure to
AGEs down-regulated aggrecan expression. The same
group demonstrated later in bovine NP cells that when NP
cells were exposed to AGE and Interleukin-13, aggrecan
expression decreased, which was reversed after inhibiting
RAGE, suggesting a role of RAGE in IDD (Yoshida et
al., 2009). Fields et al. (2015) demonstrated in a type-2
diabetes rat model that diabetes induced endplate sclerosis,
increased oxidative stress and AGE and RAGE presence in
the NP, suggesting that AGE/RAGE-mediated interactions
could be important factors for IVD pathology.

AGEs are well known to be elevated during
hyperglycaemia and to be risk factors for diabetic
complications (Ahmed, 2005; Nemet et al., 2005; Vlassara
and Striker, 2011). Besides hyperglycaemia, factors that
are independent of the diabetic status, such as consumption
of a diet high in foods processed at elevated temperatures
can also result in AGE accumulation (Illien-Junger et
al., 2015; Vlassara and Striker, 2011). We do not have
records about the diabetic status of the IVD autopsy
donors and have limited details on their medical histories;
therefore, it is possible that other factors caused the
observed endochondral ossifications independent from
AGE accumulation. Nevertheless, our previous study on
diabetic mice demonstrated that oral delivery of anti-AGE
and anti-inflammatory drugs improved IVD health in
diabetic mice (Illien-Junger et al., 2013), suggesting that
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targeting AGEs could be a promising treatment strategy
to prevent the progression of IVD degeneration including
endochondral ossification.

There is a need for non-invasive therapies to prevent or
reverse early degenerative [IVD changes. Currently there is
aphase 3 clinical trial using the orally bioavailable RAGE
inhibitor Azeliragon (TTP488; trial for Mild Alzheimer’s
disease), suggesting additional anti-AGE drugs are
available. A clinical study further reported that restriction
of oral AGE intake reduced systemic AGE levels and
improved insulin resistance in humans with type 2 diabetes
(Uribarri et al.,2011), suggesting that effects of AGEs might
be reversible. Importantly, we observed indications for
endochondral ossifications in human IVDs already in grade
I1TVDs, a stage at which preventative treatment could still
inhibit further degeneration. In conclusion, accumulation
of the AGE MG-H1 was associated with endochondral
ossifications, hypertrophy and osteogenic differentiation in
human IVDs and mechanistic investigations on IVD cells
showed a direct relationship involving RAGE, suggesting
that AGE/RAGE could be a potential therapeutic target.
Further investigations in animal experiments are warranted
to assess whether targeting AGEs via the AGE/RAGE axis
can potentially provide a non-invasive treatment option for
preventing progression of IDD.
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Discussion with Reviewers

Sibylle Grad: This work focuses on accumulation of
ectopic calcifications in intervertebral discs that is likely
mediated by AGEs. Besides, other effects of AGEs that are
RAGE dependent and independent are expected. Which
additional effects may be triggered by AGEs that could
impair IVD function?

Authors: Our recently published mouse in vivo study
indicated that high amounts of dietary AGEs were
associated with ectopic calcifications in IVDs (Illien-
Junger et al., 2015). The current study shows an association
between AGEs and ectopic calcifications in human IVD
tissues and indicated that AGEs act directly on IVD cells to
induce ectopic calcifications. Hyperglycaemic conditions
increase endogenous AGE accumulation and contribute
to IDD by causing IVD matrix degradation (Fields et al.,
2015; Tsai et al., 2013; Yokosuka et al., 2006; Tsuru et
al., 2002) because of increased oxidative stress and pro-
inflammatory responses (Fields ez al., 2015; Yoshida et
al., 2009; Illien-Junger et al., 2013). AGEs also directly
crosslink collagenous tissues to increase tissue stiffness
(Fields et al., 2015; Wagner et al., 2006) and reduce [VD
water content (Jazini et al., 2012).

Fackson Mwale: When RAGE binds AGEs, NF-KB is
activated in many diseases leading to inflammation. Is a
similar situation happening in the disc?

Authors: Since receptors for both AGEs and NF-KB are
present in IVDs and it has been shown that AGEs can
induce inflammation in IVDs, it is expected that RAGE
binding of AGEs can induce pro-inflammatory responses
via NF-KB in IVDs.

Fackson Mwale: Any suggestions on how to prevent
breakdown crosslinks or manage them in the disc?
Authors: Several therapeutic interventions exist that
may be useful to manage the effects of AGEs. First, diets
low in AGE were protective of age-accelerated IVD
degeneration in mice (Illien-Junger et al., 2015). Second,
oral treatment with the AGE inhibitor pyridoxamine and
the anti-inflammatory drug pentosan polysulphate were
able to reduce diabetes-induced IVD degeneration in
mice (Illien-Junger et al., 2013). Furthermore, the AGE
crosslink breaker Alagebrium reversed AGE crosslinking
in atherosclerosis after oral administration in diabetic mice
(Watson et al., 2011) and may offer another way to manage
AGE effects on IVD tissues. As a result, we believe there
are several ways that may be helpful to manage the effects
of AGEs on IVD degeneration.

Additional References

Jazini E, Sharan AD, Morse LJ, Dyke JP, Aronowitz EB,
Chen LKH, Tang SY (2012) Alterations in T2 relaxation
magnetic resonance imaging of the ovine intervertebral
disc due to nonenzymatic glycation. Spine (Phil Pa 1976)
37:209-215.

Tsuru M, Nagata K, Jimi A, Irie K, Yamada A, Nagai
R, Horiuchi S, Sata M (2002) Effect of AGEs on human

www.ecmjournal.org



S Illien-Jiinger et al.

disc herniation: intervertebral disc hernia is also effected
by AGEs. Kurume Med J 49:7-13.

Wagner DR, Reiser KM, Lotz JC (2006) Glycation
increases human annulus fibrosus stiffness in both
experimental measurements and theoretical predictions. J
Biomech 39:1021-1029.

Watson AM, Soro-Paavonen A, Sheehy K, Li J,
Calkin AC, Koitka A, Rajan SN, Brasacchio D, Allen
TJ, Cooper ME, Thomas MC, Jandeleit-Dahm KJ (2011)

eG.U& MAL=TEAL

270

AGE induced endochondral ossification in [VDs

Delayed intervention with AGE inhibitors attenuates the
progression of diabetes-accelerated atherosclerosis in
diabetic apolipoprotein E knockout mice. Diabetologia
54:681-689.

Editor’s note: The Scientific Editor responsible for this
paper was Brian Johnstone.

www.ecmjournal.org



