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Abstract

Background: Back and neck pain are leading causes of global disability that are asso-

ciated with intervertebral disc (IVD) degeneration. Causes of IVD degeneration are

multifactorial, and diet, age, and diabetes have all been linked to IVD degeneration.

Advanced glycation endproducts (AGEs) accumulate in the IVD as a result of aging,

diet, and diabetes, and AGE accumulation in the IVD has been shown to induce oxi-

dative stress and catabolic activity that result in collagen damage. An association

between AGE accumulation and IVD degeneration is emerging, yet mechanism

behind this association remains unclear. The Receptor for AGEs (RAGE) is thought to

induce catabolic responses in the IVD, and the AGE receptor Galectin 3 (Gal3) had a

protective effect in other tissue systems but has not been evaluated in the IVD.

Methods: This study used an IVD organ culture model with genetically modified mice

to analyze the roles of RAGE and Gal3 in an AGE challenge.

Results: Gal3 was protective against an AGE challenge in the murine IVD ex vivo, lim-

iting collagen damage and biomechanical property changes. Gal3 receptor levels in

the AF significantly decreased upon an AGE challenge. RAGE was necessary for

AGE-induced collagen damage in the IVD, and RAGE receptor levels in the AF signifi-

cantly increased upon AGE challenge.

Discussion: These findings suggest both RAGE and Gal3 are important in the IVD

response to AGEs and highlight Gal3 as an important receptor with protective effects

on collagen damage. This research improves understanding the mechanisms of AGE-

induced IVD degeneration and suggests Gal3 receptor modulation as a potential tar-

get for preventative and therapeutic treatment for IVD degeneration.
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1 | INTRODUCTION

Back and neck pain is a leading cause of global disability and is associ-

ated with an economic burden ranging from $12 billion to $90 billion

in the United States [1]; and chronic pain significantly increases risks

of depression, anxiety, and sleep disorders [2]. Intervertebral disc

(IVD) degeneration is highly associated with back pain, and is

increased with aging [3]. Fissuring or other damage to the annulus

fibrosus (AF) is common in IVD degeneration and can be a direct

source of pain or chronic proinflammatory conditions [4–6]. The AF is

largely composed of long-lived extracellular matrix proteins, especially

collagens. Collagen type I is most abundant in the outermost periph-

ery of the AF and collagen type II is most abundant in the inner AF

and Nucleus Pulposus (NP) regions [7].

High-AGE diets and diabetes was demonstrated in animal models

to result in advanced glycation endproduct (AGE) accumulation in the

IVD, with associated IVD degeneration, collagen damage, and altered

biomechanical properties [8–15]. Collagens and other long-lived

matrix proteins in the AF are susceptible to mechanical damage as

well as proteolytic degradation due to oxidative and pro-inflammatory

environments [16]. Collagens accumulate AGEs during aging, that can

increase oxidative stress and accelerate matrix metalloproteinase

activity [9]. Poor diet and diabetic conditions can accelerate AGE

accumulation, resulting in accelerated IVD degeneration in vivo in

mice [8,17–19]. Fields et al. showed an association between AGE

accumulation in diabetic rats, increased oxidative stress, and IVD stiff-

ness [8]. AGEs bind to collagens forming AGE adducts [20], that were

linked to increased TNF-α activity and catabolism [18]. Additionally,

AGEs can form crosslinks between collagen proteins, which causes a

stiffer and more brittle matrix [10,12]. Improved understanding of the

mechanisms whereby AGE accumulation results in AF collagen dam-

age may inform future therapeutic strategies.

AGEs interact with two main receptors for AGEs: the AGE Recep-

tor Complex, and the Receptor for AGEs (RAGE) [21] (Figure 1). RAGE

is a cell surface receptor, though a splicing variant of RAGE known as

soluble RAGE (sRAGE) is secreted extracellularly [21]. Binding through

RAGE is known to be pro-catabolic and has therefore received the

most research focus in IVD studies [13,18,23]. Systematic ablation of

RAGE in mice, RAGE�/�, referred to as RAGE knockout (RAGE-KO),

was protective of AGE-induced collagen damage and altered biome-

chanical properties [13,24]. The AGE-Receptor Complex, made up of

OST-48 (AGE-R1), 80K-H (AGE-R2), and Galectin 3 (Gal3), (AGE-R3),

can interact with and bind to AGEs through Gal3 [21] (Figure 1). Gal3

is a member of the lectin family and has a high binding affinity of AGE

ligands [25]. Gal3 does not have a transmembrane domain, but inter-

acts with OST-48, and 80K-H [21,26,27] to play a role in cell signaling.

Gal3 has been shown to be protective of AGE-induced damage in

other tissues, including in adipose tissue, pancreatic islets, and the kid-

neys [28–32]. The role of Gal3 in the IVD as an AGE receptor is

mostly unknown; however, it has been studied in the IVD in relation

to its role in the hypoxic response [33]. In IVD cell culture, Gal3 has

been suggested to play a role in modulating NF-KB and TGF-β

signaling, and to influence catabolic and pro-inflammatory responses

following TNF-α challenge [34,35]. Gal3 therefore appears to play a

context dependent role which at times can be protective against

AGE challenge. Determining the roles of AGE receptors to stressors in

the IVD is important to inform healthy lifestyle and identify potential

therapeutic targets that promote IVD health and prevent its degener-

ation. No studies on the IVD have investigated RAGE and

Gal3 together.

This study determined the relative contributions of RAGE and

Gal3 to an AGE challenge in a mouse IVD organ culture experiment.

We hypothesized that Gal3 and RAGE differentially affect the IVD

response to an AGE challenge. We utilized genetically modified mice

that ablate, or knockout, Gal3 (Gal3-KO) and RAGE (RAGE-KO) to

inhibit Gal3 and RAGE signaling processes, respectively, and C57Bl6

wildtype controls. Coccygeal IVDs were used in a whole IVD ex vivo

organ culture model to investigate the roles of RAGE and Gal3 in

response to an AGE challenge. Organ culture was used because it is a

highly controlled model system that can focus on the responses of

IVD cells and tissues without influence of systemic effects. Effects of

AGEs on IVDs were assessed using multiple output measurements

including collagen damage, IVD degeneration grading, and functional

biomechanical testing. Immunohistochemical (IHC) assays for Gal3

and RAGE confirmed genetic ablation, and were used to evaluate the

changes of receptor levels in response to an AGE challenge. Collagen

F IGURE 1 Structure and ligands for RAGE and Gal3. Structure
and ligands of the receptor for advanced glycation end products
(RAGE) and soluble form of RAGE (sRAGE), and AGE receptor
complex including galectin-3 (Gal3). The ligand-binding domains of
the different receptors are: V-domain (V), C1- and C2-domain (C1 and

C2), and intracellular-domain (ID), oligosaccharyltransferase
48 complex (OST48), 80K-H, carbohydrate-binding site (CBS), and
carbohydrate recognition domain (CRD). The ligands for the different
receptors are advanced glycation end products (AGEs),
lipopolysaccharide (LPS), amyloid-β (AMB), S100s, high mobility group
protein 1 (HMGB1), lectins, and integrins. Figure adapted with
permission from Noriega et al. [22].
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damage and immunostaining focused on the AF region because the

abundance of collagen in that region made it most sensitive to AGE-

induced collagen damage.

2 | MATERIALS AND METHODS

2.1 | Ex vivo organ culture and study design

An ex vivo organ culture model exposed male RAGE-KO, Gal3-KO, and

wildtype murine IVDs to an AGE challenge (Figure 2). Gal3-KO mice

were purchased from The Jackson Laboratory (Strain #006338) (n = 8).

The original RAGE-KO mouse lineage was donated from the Ann Marie

Schmidt laboratory, and the mice used in this study were bred and

maintained at Mount Sinai (n = 8). C57BL/6 mice were used as WT

control animals (n = 9) as both the Gal3-KO and RAGE-KO mice were

bred on a C57Bl/6 background. At 4–5 months of age, 6 caudal mouse

IVDs were isolated from each mouse including coccygeal (c) c3/4, c4/5,

c6/7, c8/9, c10/11, and c11/12 levels with a portion of the superior

and inferior vertebrae attached yielding vertebral motion segments. No

live animals were used for this study, although breeding was involved.

All studies were performed with IACUC approval.

Organ culture conditions were 37�C, 5% O2, 5% CO2, 90% N2,

and >90% humidity with gentle rocking + media change every 2 days,

as described previously [13]. Mouse IVDs from the c3/4 and c4/5

level were used for histological analysis to determine levels of colla-

gen damage [36], IVD degeneration [37,40], and receptor abundance.

Mouse IVDs from the c6/7 and c8/9 levels were used for biomechani-

cal testing to determine the biomechanical functional changes result-

ing from an AGE challenge and the role of AGE receptors in these

changes. Mouse IVDs from the c10/11 and c11/12 levels were used

to assess cell viability. Control media contained Dulbecco's Modified

Eagle's Medium (DMEM), 10% fetal bovine serum (FBS), 1% Pen-

Strep, 0.2% Primocin, 0.2% Ascorbic Acid, and 20 μg/mL bovine

serum albumin (BSA). Experimental AGE media (+AGEs) was identical

with the control media except for the replacement of 20 μg/mL BSA

with 20 μg/mL AGE-BSA (ab51995; Abcam).

2.2 | Cell viability, collagen damage, degeneration
grading, and Immunohistochemistry

Following organ culture, IVDs designated for histological and immuno-

histochemical analyses were fixed in zinc formalin (Z-Fix, Anatech

LTD, Battle Creek, MI, USA) for at least 48 h. Samples were then pro-

cessed and embedded in methyl-methacrylate (MMA, m55909,

Sigma–Aldrich) to best retain IVD structure [38,39]. Serial sagittal sec-

tions (5 μm thick) were taken from each sample using a sledge micro-

tome (Leica SM2500 base). All microscopic imaging was performed on

a Leica DM 6B widefield microscope at 20� magnification. For quan-

titative analyses, exposure times and bulb intensities were kept con-

sistent for all compared samples. For quantification of AF regions, we

selected regions of interest (ROI) to include the outermost 5 ± 2

lamellar layers of the AF. The outer AF was prioritized for quantifica-

tion as the regions demonstrating the clearest effects and the layers

that were most affected by AGE diffusion into the IVD.

IVD organs designated for cell viability were incubated with thia-

zolyl blue tetrazolium bromide (MTT, Sigma–Aldrich, St. Louis, MO),

which stains viable cells, using 1 mg/mL MTT in culture media over-

night prior to the completion of culturing. Samples were then fixed in

Z-Fix, embedded in MMA, sectioned, and stained with 40 ,6-diamidino-

2-pheylindole (DAPI, Roche Diagnostics, Germany). The presence of

distinct MTT staining in close proximity to DAPI confirmed cellular

activity of viable cells as described previously [41].

To investigate the extent and localization of collagen damage

within each IVD, samples were stained with Collagen hybridizing

peptide (CHP) as described [12,36,42,43]. CHP is a small synthetic

peptide with glycine-proline-hydroxyproline repeats that can hybrid-

ize with unfolded collagen α chains, and therefore CHP binding can

F IGURE 2 Study design. Three separate groups of genetically

altered murine with dissections of caudal motion segments from male
wildtype (n = 9), RAGE-KO (n = 8), and Gal3-KO (n = 8) mice. After
10 days, three paired motion segments (MSs) from each mouse were
used for cell viability, collagen damage and histology, and
biomechanics measurements. Culture conditions were 37�C, 5% O2,
5% CO2, 90% N2, and >90% humidity, with gentle rocking and media
changes every 2 days.
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be used to detect and image molecular level subfailure collagen dam-

age in multiple collagenous tissues [12,13,36,42,43,44]. CHP was

conjugated with biotin (B-CHP; BIO300, 3Helix Inc; Salt Lake City,

UT). Positively bound CHP was detected using streptavidin labeled

with WARP Red (Biocare Medical, Concord, CA) fluorescing chromo-

gen. Murine IVDs designated as positive control samples were dis-

sected, stored at �80�C, thawed, and placed in histology cassettes in

a glass beaker with distilled water and subjected to 90�C for 180 min

to induce collagen protein damage throughout the IVD. Warp Red

staining without counterstain was quantified by analyzing the sample

staining intensity and applying background subtraction with an upper

pixel intensity threshold to include stained pixels and exclude pixels

in the ROI without tissue present. Toluidine blue counterstain better

displayed AF anatomy, yet was not used for quantification of colla-

gen damage in this study since it impacted WARP Red quantification

even when using color deconvolution algorithms. Pixel intensity was

measured using ImageJ software to calculate the amount of collagen

damage in samples as described previously [13,36,42]. Inverse pixel

intensity values were used when measuring samples under bright-

field light to accurately reflect light absorption rather than light

emission.

IVD degeneration in murine IVD tissues was quantified using the

Rutges degeneration grading scheme [37], with consideration for

murine IVD morphology [40]. Three independent and blinded spine

researchers graded IVDs for degeneration as recommended [37,40].

IHC was used to analyze the levels of Gal3 and RAGE receptor

levels using anti-rabbit Gal3 primary antibody and anti-rabbit RAGE

primary antibody (abcam, Waltham, MA). IHC protocols included

deplasticization with xylene for 30 min and EGME for 5 min, histo-

zyme for 6 min to retrieve epitopes hidden or damaged during embed-

ding or storage, and 2.5% normal horse serum for 20 min to block

non-specific antibody binding. The Gal3 primary antibody solution

was made in 1:200 μL ratio of Gal3 antibody to diluent, and samples

were incubated for 1 h. For Gal3, the secondary antibody was horse

anti-rabbit IgG alkaline phosphatase (Vector Laboratories, San Fran-

cisco, CA) for 30 min with WARP Red (Biocare Medical, Concord, CA)

fluorescing chromogen for 10 min and DAPI to localize cell nuclei.

RAGE primary antibody solution (1:400 μL) for 1 h, with Amplifier

Antibody for 15 min and polymer reagent for 30 min (Vector

Laboratories, San Francisco, CA), followed by ImmPACT 3,

30-diaminobenzidine (DAB) solution for 6 min, and Toluidine Blue

counterstaining. For Gal3 and RAGE, murine lung tissue was used as a

positive tissue control, as RAGE is highly expressed in lung [45]. Nega-

tive control samples were treated with non-immune rabbit serum

instead of the primary.

Cell counting was used to quantify changes in the levels of Gal3

in the IVD after an AGE challenge. The mean pixel intensity of the

ROI of the technical negative sample of each biological replicate was

used as a lower threshold, and intensity values within cells above this

threshold were considered positive staining for all samples from that

biological replicate. Cells within the ROI were then counted manually

by DAPI-positive staining and morphology to attain the total cell

count within the ROI. Gal3 positive and RAGE positive cells were then

counted to obtain a percent positive cell count within each sample for

each receptor.

2.3 | Biomechanical analyses

Axial tension and compression, creep tests, and torsional tests were

conducted on c6/7 and c8/9 murine IVD motion segments of all

genotypes as described [46,47]. Axial compression-tension and creep

testing were conducted on an ElectroForce 3200 (TA Instruments,

New Castle, DE) and torsional testing was conducted on a AR2000x

Rheometer (TA Instruments, New Castle, DE). Vertebrae were fixed in

stainless steel cylindrical pots with cyanoacrylate and then hydrated

in PBS. Motion segments were first subjected to 20 cycles of axial

tension and compression at ±0.5 N, 1 Hz followed by 45 min of com-

pressive creep testing at 0.5 N. Motion segments were then rehy-

drated in PBS for 45 min before undergoing torsional testing

consisting of 20 cycles of ±20� torsional rotation at 1 Hz. All measure-

ments conducted after cyclical force application were recorded on the

20th cycle of force application using MATLAB. Biomechanical param-

eters including neutral zone length, stiffness, and creep elastic

response (Se), fast and slow response time constants (t1 and t2

respectively) and fast and slow stiffness parameters (S1 and S2

respectively) were calculated using Matlab.

2.4 | Statistical analyses

Bar graphs were created in GraphPad Prism v9 (GraphPad, La Jolla,

CA); each data point represents one biological replicate, bars indicate

group mean, and error bars indicate one standard deviation. Correla-

tion analyses were created in Rstudio, in which each data point repre-

sents a single murine IVD.

All data was analyzed in Rstudio (Boston, MA). The Shapiro–Wilk

test confirmed normality of the data. Statistical differences were

determined using repeated measures ANOVA to determine the effect

of treatment within biological replicates for collagen damage, degen-

eration grade, Gal3 and RAGE immunopositivity, and biomechanical

properties. The statistical tests focused on detecting the effects of

AGE treatment for each genotype since global deletions can impact

baseline values of parameters from effects during development and

growth that are unrelated to the media interventions applied in this

study. All tests applied a significance threshold of p ≤ 0.05.

3 | RESULTS

3.1 | Cell viability

The 10-day organ culture experiment was successfully performed

with extensive MTT staining that was specific and robust indicating

nearly all cells were metabolically active and viable (Figure S1). Many

cells exhibited clustered staining that did not enable distinction
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between individual DAPI stained cells; therefore, we could not accu-

rately calculate percentage viable cells. The very few cells stained with

DAPI alone were located near the cut edge of the outer endplate

regions as expected from this organ culture model system.

3.2 | Collagen damage

Collagen damage was increased from AGE challenge in wildtype and

Gal3-KO mice, but not in RAGE-KO mice. AF regions of all IVDs were

stained broadly for WARP Red, which indicates widespread baseline

levels of collagen damage, which is to be expected from collagen turn-

over (Figure 3A). In wildtype mice, the AGE challenge resulted in a

deep red staining indicating increased collagen damage which is sup-

ported by significant increases in collagen damage when quantified by

CHP (p ≤ 0.039, Figure 3B). AGE challenge also increased WARP Red

staining in Gal3-KO mice (p ≤ 0.002), but had no effect in RAGE-KO

(p = 0.35, Figure 3B).

3.3 | Degeneration analysis

IVD degeneration grade was not altered with AGE challenge for any

groups in this 10 day organ culture experiment (p > 0.05 for all, Figure 4).

3.4 | Immunohistochemical analyses

AGE challenge increased Gal3 receptor staining in wildtype mice

shown by a greater percentage of Gal3-positive cells (p ≤ 0.021;

F IGURE 3 AGE challenge increased collagen damage in wildtype and Gal3-KO AF. (A) Murine IVD AFs stained with a CHP primary, and
WARP Red chromogen (red) imaged at 20� magnification. Wildtype (left column), RAGE-KO (central column), and Gal3-KO (right column) mice
after 10 day culture in control media (top row) or AGE media (bottom row). Increased staining intensity can be seen visually in the wildtype and
Gal3-KO murine IVDs that were exposed to AGE media compared to its control media biological replicate. Boxes indicate magnified view and are
approximately 50 μm in width. (B) Bar graphs denoting arbitrary units (au) of mean pixel intensities of Murine IVD AFs within the outer lamellar
layers ROI. Wildtype (green), RAGE-KO (pink), and Gal3-KO (orange) murine IVD AF after explant culture in control media (clear box) or AGE
media (hash box). Each point represents an individual mouse IVD, error bars show one standard deviation. Significant increases in collagen
damage denoted by black bars (*p ≤ 0.05, **p ≤ 0.01).

F IGURE 4 AGE challenge did not affect IVD degeneration grade. (A) Murine IVDs stained with picrosirius red (red) and alcian blue (blue),
imaged at 20� magnification. Wildtype (left column), RAGE-KO (central column), and Gal3-KO (right column) mice after 10 day culture in control
media (top row) or AGE media (bottom row). No significant changes in degeneration as measured by Rutges Grading can be seen upon AGE
challenge. (B) Bar graphs denoting Rutges degeneration grade of whole Murine IVDs (left) and exclusively AFs (right). Wildtype (green), RAGE-KO
(pink), and Gal3-KO (orange), murine IVD AF after explant culture in control media (clear box) or AGE media (hash box). Each point represents an
individual mouse IVD, error bars show one standard deviation. No significant differences between genotype or media can be seen (p > 0.05).
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Figure 5). Gal3-positive cell percentages were not increased in RAGE-

KO mice IVDs following AGE challenge (p = 0.62). Gal3-KO murine

IVDs exhibited negligible staining beyond background autofluores-

cence, consistent with successful ablation of Gal3 expression in the

Gal3-KO mice.

AGE challenge increased RAGE IHC staining in wildtype and

Gal3-KO mice (p ≤ 0.008 and p ≤ 0.026, respectively; Figure 6).

RAGE-KO murine IVDs exhibited comparable staining with the nega-

tive control mouse lung tissue indicating success of the receptor

knockout (Figure 6).

F IGURE 5 AGE challenge reduced Gal3 levels in Wildtype but not RAGE-KO AF. (A) Murine IVD AF stained with a Gal3 primary antibody
and WARP Red fluorescing chromogen (green) imaged at 20� magnification. Wildtype (left column), RAGE-KO (central column), and Gal3-KO
(right column) mice after 10 day organ culture in control media (middle row) or AGE media (bottom row). Top row shows samples stained without
the Gal3 primary indicating fluorescence levels above which are considered positive staining. Cells positively staining for Gal3 can be seen in
green. Upon AGE challenge, a decrease in percent cell positivity can be seen visually in the Wildtype murine IVD compared to its control media
biological replicate. Gal3-KO murine IVDs do not show cell staining above the threshold set by the technical negative samples. Boxes indicate
areas of increased magnification and are approximately 50 μm wide. (B) Bar graphs denoting percent cell positivity of Murine IVD Afs within the
outer lamellar layer ROI. Wildtype (green), RAGE-KO (pink), and Gal3-KO (orange) murine IVD AF after explant culture in control media (clear
box) or AGE media (hash box). Each point represents an individual mouse IVD, error bars show one standard deviation. Significant decreases in
Gal3 percent cell positivity denoted by black bars (*p ≤ 0.01).

F IGURE 6 AGE challenge increased RAGE in Gal3-KO and Wildtype AF. (A) Immunohistochemistry of murine IVDs using an anti-RAGE
primary and DAB (brown) counterstained with toluidine blue (blue) imaged at 20� magnification. Wildtype (left column), RAGE-KO (central
column), and Gal3-KO (right column) mice after 10 day culture in control media (top row) or AGE media (bottom row). Cells positively staining for
RAGE can be seen in brown. Upon AGE challenge, an increase in percent cell positivity can be seen visually in the Wildtype and Gal3-KO murine
IVD compared to their control media biological replicates. RAGE-KO murine IVDs do not show RAGE positive cell staining. Boxes indicate areas
of increased magnification and are approximately 50 μm in width. (B) Bar graphs denoting percent cell positivity of Murine IVD Afs within the
outer lamellar layer ROI. Wildtype (green), RAGE-KO (pink), and Gal3-KO (orange) murine IVD AF after explant culture in control media (clear
box) or AGE media (hash box). Each point represents an individual mouse IVD, error bars show one standard deviation. Significant increases in
RAGE percent cell positivity denoted by black bars (*p ≤ 0.05, **p ≤ 0.01).
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3.5 | Biomechanical analyses

Biomechanical properties were affected by AGE challenge in Gal3-KO

motion segments but not in other genotypes. Specifically, Gal3-KO

murine IVDs exposed to AGEs exhibited increased compressive stiff-

ness and increased axial neutral zone length from the axial

compression-tension test (p ≤ 0.034 and p ≤ 0.045, respectively;

Figure 7), suggesting increased laxity with a steeper slope of the load-

deflection curve under compressive load possibly due to tissue com-

paction of bone-to-bone contact. The creep test further determined

that AGE challenge in Gal3-KO mice caused decreased creep displace-

ment (consistent with increased compressive stiffness), and a

decreased tau1 fast time constant indicating more rapid viscoelastic

response (p ≤ 0.018 and p ≤ 0.024, respectively; Figure 7). Together,

biomechanical results suggest compaction of Gal3-KO mice under AGE

challenge that are consistent with collagen damage observed (Figure 3).

F IGURE 7 AGE challenge altered biomechanical properties of Gal3-KO murine IVDs. (A) Representative axial compression tension curves
(top row) and creep elastic displacement (bottom row) for wildtype, RAGE-KO and Gal3-KO murine IVDs. (B) Bar graphs denoting biomechanical
properties of murine IVDs with and without AGE challenge. Bars indicate group means. Wildtype (green), RAGE-KO (pink), and Gal3-KO (orange),
murine IVD AF after explant culture in control media (clear box) or AGE media (hash box). Each point represents an individual mouse IVD, error
bars show one standard deviation. Gal3-KO mouse IVD motion segments have significantly increased compressive stiffness upon AGE challenge
(p ≤ 0.034). Gal3-KO mouse IVD motion segments have significantly increased axial neutral zone lengths upon AGE challenge (p ≤ 0.046).
Gal3-KO mouse IVDs have significantly decreased fast time constants upon AGE challenge (p ≤ 0.024 Gal3-KO mouse IVDs have significantly
decreased Creep Elastic Displacement upon AGE challenge (p ≤ 0.018).
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4 | DISCUSSION

This study investigated whether AGEs directly affect IVD tissues and

cells, and determined relative contributions of the AGE receptors

RAGE and Gal3 using an AGE challenge on an IVD organ culture

model using Gal3-KO, RAGE-KO and wildtype mice. The most impor-

tant finding of this study was that Gal3 can play a protective role on

IVD structure and functions, since AGE challenge in Gal3-KO IVDs

resulted in increased collagen damage, increased RAGE expression,

and altered IVD biomechanical properties. AGE challenge in wildtype

IVDs increased collagen damage and RAGE immunostaining and

decreased Gal3 immunostaining, yet did not result in functional bio-

mechanical alterations indicating the AGE challenge had less severe

changes in wildtype than Gal3-KO IVDs. Lastly, AGE challenge did not

significantly increase collagen damage or affect biomechanical proper-

ties in RAGE-KO IVDs, indicating it plays a role in collagen damage.

We therefore conclude that Gal3 is protective and RAGE is destruc-

tive in IVD cells and tissues in response to an AGE challenge.

An AGE challenge resulted in collagen damage in WT and

Gal3-KO IVDSs, but did not lead to observable morphological IVD

degeneration in either of these groups, indicating this is an early and

relatively mild challenge. Our study applied highly sensitive CHP assay,

which suggests this assay is capable of detecting molecular collagen

micro-damage before degeneration is more clearly observable with

other histomorphological grading schemes. Zitnay et al. showed the

sensitivity of the CHP assay demonstrating subfailure micro-damage

was detectable in rat tail tendon fascicles under loading, and eventu-

ally led to tissue damage observable with other analysis methods

[36,43]. Hoy et al. found detected microdamage in the AF in wildtype

mouse IVDs with the same dose and duration of AGE organ culture,

and used second harmonic generation with multiphoton imaging which

is also a very sensitive detection method to detect microdamage [13].

Liu and Tang found decreased proteoglycan and disc height loss

in RAGE-KO IVDs compared to wildtype IVDs, and altered biome-

chanical properties from the same concentration of AGEs in a 21 day

organ culture experiment [24], suggesting longer duration would

result in more significant damage and degeneration. This 10 day organ

culture duration was selected to induce structural and functional

changes without concerns over long-term remodeling due to the cul-

ture conditions. However, we believe the lack of significant IVD

degeneration in this 10 day organ culture study is due to the relatively

short duration of these studies, since longer in vivo studies, or more

aggressive in vitro challenges in the literature resulted in IVD degener-

ation and more substantial changes to IVD function [10,12,20,37,48–

50]. Sex differences may account for somewhat mild effects observed

in this study since this organ culture model used male mice while

in vivo studies showed high AGE diet and RAGE-KO had larger effects

on female than male spinal tissues [12,49].

AGE challenge to Gal3-KO IVDs resulted in functionally altered

biomechanical properties with significantly increased axial compres-

sive stiffness and neutral zone length, and significantly decreased

creep elastic displacement and fast time constant. When testing these

IVDs biomechanically under force control conditions, collagen damage

in the AGE-challenged Gal3-KO IVDs yielded an increased neutral

zone, which caused greater compressive stiffness and decreased creep

displacement, presumably from IVD tissue compaction or vertebra to

vertebra contact. Collagen damage also resulted in decreased fast tis-

sue time constant. Biomechanical damage in this study is consistent

with Barbir et al. who measured increased neutral zone and axial com-

pressive stiffness, as well as decreased creep fast time constant in rat

IVDs treated with collagenase [51]. The decreased creep elastic dis-

placement in AGE-challenged Gal3-KO IVDs is consistent with

reduced creep strain in diabetic rats previously reported [8]. The lack

of significant biomechanical alterations from AGE challenge in wild-

type and RAGE-KO IVDs further supports the protective role of Gal3

as an AGE receptor in the IVD, and we conclude that AGE challenge

resulted in relatively mild damage in wildtype IVDs and more severe

damage in Gal3-KO IVDs that were detected on multiple assays.

Gal3 appears to be more important than RAGE in modulating colla-

gen damage and mechanical disruption in the IVD. Numerous studies

have found that AGE challenge resulted in collagen damage or altered

biomechanical properties both in vivo and in vitro [10,12,13,18,52]. To

our knowledge no studies have shown a protective role of Gal3 against

AGE challenge in the IVD, though it has been shown in pancreatic islets

and adipose tissue [28]. Interestingly, AGE challenge did not cause sig-

nificantly affected biomechanical changes in wildtype IVDs which did

have measurable collagen damage in CHP staining, further supporting

the protective role of Gal3. While the protective role of Gal3 as an

AGE receptor is a novel finding in the IVD, it is consistent with studies

in other organ systems, including in diabetic responses in the liver and

kidneys [28,29,31]. AGE-challenged RAGE-KO IVDs did not exhibit sig-

nificant differences in molecular collagen damage or biomechanical

changes, suggesting RAGE plays a role in the damage observed in wild-

type and Gal3-KO IVDs. The importance of RAGE in promoting matrix

damage and degeneration from AGE exposure, oxidative stress, and

diabetes is also supported in the IVD literature [8,13,18,21]. The dele-

terious role of RAGE in physiological response to AGEs was also found

in other organ systems, including the lungs, bone, and the numerous

organs influenced by diabetes [53–56]. Together with the literature,

results support the hypothesis that Gal3 is protective and RAGE is

destructive to IVD tissues and cells in response to AGE challenge.

Gal3 and RAGE appear to interact since AGE challenge decreased

Gal3 in wildtype IVDs, and increased RAGE in wildtype and Gal3-KO

IVDs. Cross-signaling between Gal3 and RAGE may occur since the

well-documented upregulation of RAGE receptor level upon AGE

exposure [52,57] was also present for Gal3-KO [21]. The decrease in

Gal3 levels in response to AGEs is novel in the IVD, although has been

observed in osteoblast and osteosarcoma cell cultures [58]. Gal3

levels were not reduced with AGE exposure for RAGE-KO which may

be related to the relatively high variety of possible receptor-ligand

interactions for Gal3 so that RAGE-KO does not require a compensa-

tory alteration in Gal3 levels [21]. Furthermore, the decrease in Gal3

levels with AGE challenge may be related to interactions with other

matrix glycoproteins in addition to its role as an AGE receptor [21].

The variety of receptor-ligand interactions for Gal3 may therefore

suggest Gal3 can offer protective effects in a context-specific manner

in the IVD. AGE challenge can therefore affect levels of both RAGE

and Gal3 with distinct effects. Previous studies suggest a direct
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opposition between RAGE and Gal3 in atherosclerosis and the regula-

tion of vascular osteogenesis with inflammation [59]. Menini et al. also

showed that RAGE and Gal3 were involved in Wnt/B-catenin signal-

ing, which has been associated with IVD degeneration through

in vitro studies [60–63]. The potential interaction of the AGE recep-

tors in Wnt/B-catenin signaling is especially interesting as Wnt/B-

catenin signaling is involved in both the induction of matrix metallo-

proteinases, which have been implicated in AGE-induced catabolism

of the extracellular matrix [18], and in cell proliferation and survival

[64–66]. The opposing roles of RAGE and Gal3 in Wnt/B-catenin sig-

naling has been documented in cancer biology research [67,68]. Spe-

cifically, RAGE has been shown to diminish cell proliferation and cell

survival in osteoblasts by disrupting downstream pro-cell survival tar-

gets of Wnt/B-catenin signaling, PI3K and ERK [68]. Conversely, Gal3

has been shown to mediate nuclear B-catenin accumulation by regu-

lating the inhibitory actions of GSK-3B [67,69,70]. Therefore, the cur-

rent study demonstrates important roles of RAGE and Gal3 as AGE

receptors in IVD cells, and the broader literature suggests these

receptors may influence Wnt/B-catenin signaling.

Some limitations of this study warrant mention. This mouse organ

culture study cannot be directly compared to human dietary patterns,

although �10% of dietary AGEs are absorbed into the circulation, sug-

gesting the AGE-BSA concentration in this study is similar to that

expected from a high AGE lab chow [21]. Immunostaining for RAGE

and Gal3 positivity did not stain for activated receptors, nevertheless,

receptor quantification supports the roles identified in this study with

the genetic deletion of Gal3 and RAGE. We focused on AF changes

since AF collagen was most susceptible to AGE induced damage

which was clearly detected, and NP changes were not apparent from

histological measurements. Results demonstrated relatively high bio-

logical variability in most parameters, although this variability was

controlled using the paired study design in which IVDs from each

mouse were treated with control and AGE+ media for each assay and

significant results were detected within each genotype. This study

was designed to detect effects of AGE+ media treatment within each

genotype and therefore applied a paired sample study design to con-

trol for biological and technical variance; as a result, the mean differ-

ences do not indicate effects as clearly as statistical bars that test

pairwise comparisons. Some output measurements had lower sample

size because of loss of select samples during staining and processing

(even with multiple sections used for each stain), and because of the

paired analyses, we needed to exclude both control and AGE+ sam-

ples if one of the samples was damaged for that assay. A greater sam-

ple size may further allow the detection of effects of genotypes in the

control media condition, yet such differences in basal groups can be

difficult to interpret since the global deletions are present during

development, growth and maturation so that the pairwise analyses

were the focus of this study. The presence of notochordal cells may

also limit accumulation of some degenerative changes in these mouse

IVDs. We therefore note that AGE challenge caused relatively mild

effects in our study that were somewhat variable across donors, and

we expect more significant changes with greater AGE dose or dura-

tion of culture.

We conclude that AGE challenge caused collagen damage in IVDs

that was most severe from Gal3-KO mice since differences in CHP

and biomechanical properties were detected, less severe in wildtype

mice with differences in CHP only, and not detectable in RAGE-KO

mice. This AGE challenge directly affected IVD tissues and cells since

this organ culture model did not involve systemic in vivo effects. Gal3

therefore appears to play a protective role on IVD cells and tissues in

response to an AGE challenge in the IVD, and RAGE was needed for

this damage to occur. This study also suggests Gal3 and RAGE interact

with downregulation of Gal3 receptor levels and upregulation of

RAGE receptor levels upon AGE challenge. We conclude that Gal3

and RAGE are both important receptors in the IVD that differentially

control AGE-induced collagen damage, and both need consideration

in understanding aging and designing interventions that slow IVD

degeneration.
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