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a b s t r a c t 

Growing clinical evidence suggests a correlation between diabetes and more frequent and severe interver- 

tebral disc failure, partially attributed to accelerated advanced glycation end-products (AGE) accumulation 

in the annulus fibrosus (AF) through non-enzymatic glycation. However, in vitro glycation (i.e., crosslink- 

ing) reportedly improved AF uniaxial tensile mechanical properties, contradicting clinical observations. 

Thus, this study used a combined experimental-computational approach to evaluate the effect of AGEs 

on anisotropic AF tensile mechanics, applying finite element models (FEMs) to complement experimen- 

tal testing and examine difficult-to-measure subtissue-level mechanics. Methylglyoxal-based treatments 

were applied to induce three physiologically relevant AGE levels in vitro . Models incorporated crosslinks 

by adapting our previously validated structure-based FEM framework. Experimental results showed that 

a threefold increase in AGE content resulted in a ∼55% increase in AF circumferential-radial tensile 

modulus and failure stress and a 40% increase in radial failure stress. Failure strain was unaffected by 

non-enzymatic glycation. Adapted FEMs accurately predicted experimental AF mechanics with glycation. 

Model predictions showed that glycation increased stresses in the extrafibrillar matrix under physiologic 

deformations, which may increase tissue mechanical failure or trigger catabolic remodeling, providing 

insight into the relationship between AGE accumulation and increased tissue failure. Our findings also 

added to the existing literature regarding crosslinking structures, indicating that AGEs had a greater ef- 

fect along the fiber direction, while interlamellar radial crosslinks were improbable in the AF. In summary, 

the combined approach presented a powerful tool for examining multiscale structure-function relation- 

ships with disease progression in fiber-reinforced soft tissues, which is essential for developing effective 

therapeutic measures. 

Statement of significance 

Increasing clinical evidence correlates diabetes with premature intervertebral disc failure, likely due to 

advanced glycation end-products (AGE) accumulation in the annulus fibrosus (AF). However, in vitro gly- 

cation reportedly increases AF tensile stiffness and toughness, contradicting clinical observations. Using a 

combined experimental-computational approach, our work shows that increases in AF bulk tensile me- 

chanical properties with glycation are achieved at the risk of exposing the extrafibrillar matrix to in- 

creased stresses under physiologic deformations, which may increase tissue mechanical failure or trig- 

ger catabolic remodeling. Computational results indicate that crosslinks along the fiber direction account 

for 90% of the increased tissue stiffness with glycation, adding to the existing literature. These findings 

provide insight into the multiscale structure-function relationship between AGE accumulation and tissue 

failure. 

© 2023 Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Low back pain is a prevalent global health concern affecting 

0% of the adult population and is the leading cause of produc- 

ivity loss, disability, and healthcare expenditures in many regions 
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round the world [1] . The need for improved low back pain man- 

gement has amplified in recent years, driven by an aging popu- 

ation and the global diabetes epidemic [2–4] . Over the last few 

ecades, there has been a continual increase in global diabetes 

revalence, with more than 10% of the world’s population being af- 

ected [ 3 , 4 ]. Growing clinical evidence has linked diabetes to inter- 

ertebral disc degenerative disorders. Particularly, diabetic patients 

re ∼50% more likely to be diagnosed with disc degenerative dis- 

rders, with a longer duration or poorer control of diabetes corre- 

ating with a more severe level of degeneration [5–8] . Diabetes is 

lso a significant risk factor for lumbar disc herniation, reportedly 

ncreasing its risk by ∼50% after correcting for risk factors such as 

ge, body mass index, lifestyle, and disease history [9] . 

The intervertebral disc, situated between adjacent vertebrae in 

he spinal column, is a fibrocartilaginous joint that plays a cru- 

ial biomechanical role during daily activities, including supporting 

ultiaxial spinal loads and motions, as well as dissipating energy. 

he disc is a highly complex, heterogeneous, hierarchical structure 

omprising a soft gel-like nucleus pulposus center surrounded by a 

ough, fiber-reinforced annulus fibrosus (AF) ring [10] . Particularly, 

he AF consists of 15-25 concentric lamellae of angle-ply collagen 

bers embedded in a hydrated proteoglycan-rich extracellular ma- 

rix, resulting in excellent load-bearing and energy absorption ca- 

acities [10] . However, the disc is highly avascular with limited 

elf-healing capabilities; thus, the heavy biomechanical demand 

laced on the disc makes the AF susceptible to catabolic tissue 

emodeling with degeneration and disease [ 11 , 12 ]. Such catabolic 

emodeling has been shown to initiate, aggravate, or predispose 

he AF and surrounding structures to irreversible mechanical dam- 

ge (e.g., tears and disruption), causing debilitating low back pain 

 11 , 12 ]. 

A well-documented diabetes-induced structural remodeling in 

he AF is the accelerated formation and accumulation of advanced 

lycation end-products (AGE) via non-enzymatic glycation [13–15] . 

GEs are a heterogeneous group of chemical compounds that can 

orm irreversible crosslinks with extracellular proteins [ 13 , 15 ]. The 

ighly collagenous AF is particularly susceptible to AGE modifica- 

ion due to the minimal biological turnover and extended half-life 

up to ∼120 years) of collagen fibers [ 16 , 17 ]. Understanding the AF

tructure-function relationship with non-enzymatic glycation can 

rovide valuable insight into disc mechanical failure mechanisms 

n diabetic patients, which is pivotal for developing effective ther- 

peutic interventions for tissue failure prevention. 

Previous in vitro studies examining the effect of non-enzymatic 

rosslinks on AF uniaxial tensile mechanics have reported in- 

reased tissue stiffness and energetic toughness along the evalu- 

ted loading directions [ 18 , 19 ]. Likewise, our recent work, which 

as the first to investigate AF uniaxial tensile mechanics at physi- 

logically relevant AGE levels, reported that glycation significantly 

ncreased AF tensile modulus, failure stress, and energetic tough- 

ess in the circumferential-axial direction ( Fig. 1 A – ‘Circ-ax speci- 

en’) [20] . Joint-level disc mechanics evaluations from studies that 

nduced in vitro crosslinking or used diabetic rodent models fed 

y AGEs-rich diets also reported higher joint stability and stiffness 

21–25] . Therefore, while clinical observations report more fre- 

uent and severe tissue failure with AGE accumulation, in vitro me- 

hanical testing results suggest improved tissue mechanical proper- 

ies with non-enzymatic crosslinking, leaving the relationship be- 

ween AGE accumulation and tissue failure unclear. 

The knowledge of crosslinking structures at the subtissue 

cale remains limited due to experimental constraints, despite 

onsiderable effort s to investigate the functional role of AGEs. 

revious work has developed a constitutive relationship to de- 

cribe AF uniaxial tensile mechanics with non-enzymatic glyca- 

ion. Still, the relationship was limited to the two-dimensional 

pace and one sample orientation [18] . Finite element models 
2 
FEMs) can predict hard-to-measure stress-strain distributions in 

omplex fiber-reinforced tissues. Through combined experimental- 

EM study designs, our previous work successfully used FEMs to 

uide experimental studies and corroborate experimental hypothe- 

es [ 26 , 27 ]. Additionally, we have developed and validated a mul- 

iscale structure-based FEM framework for the AF, which is able 

o investigate multiscale structure-function relationships in healthy 

nd degenerated AF tissues under various loading and boundary 

onditions [28–31] . This framework also has the potential to be 

dapted to describe AF mechanics with non-enzymatic glycation. 

Thus, the current study aimed to examine the effect of AGEs 

n anisotropic AF uniaxial tensile mechanics through a combined 

xperimental-computational approach. To achieve this, we evalu- 

ted the impact of AGEs on AF uniaxial tensile mechanics on for- 

erly unexamined orientations (circumferential-radial and radial 

irections). We also adapted our previous multiscale structure- 

ased FEM framework to describe AF mechanics with crosslink- 

ng. The validated model was applied to examine subtissue-level 

tress-strain distributions, aiming to provide mechanistic explana- 

ions for premature tissue failure observed with AGE accumulation. 

ompared to past AGE-oriented AF mechanics studies, the cur- 

ent study was the first to use a combined experimental-FEM ap- 

roach, which allowed assessment of subtissue-level stress-strain 

istributions that are difficult to determine directly through bulk 

issue experimental testing. The validated models provided valu- 

ble insight into the effect of AGEs at the subtissue scale, includ- 

ng the likely orientation of crosslinking structures and extrafib- 

illar matrix stress distributions. We hypothesized that the im- 

roved bulk AF mechanical properties with non-enzymatic glyca- 

ion were achieved at the risk of exposing the extrafibrillar matrix 

o increased damage accumulation through mechanical failure and 

atabolic remodeling. 

. Materials and methods 

.1. Experimental testing 

.1.1. Sample preparation 

Bovine discs were used due to their improved accessibility and 

omparable size, mechanical properties, matrix structures, and bio- 

hemical composition to human discs [32–35] . Fresh, skeletally 

ature, healthy bovine caudal spine sections were acquired from 

 local butcher (age = 18-24 months; n = 10 spines). Muscula- 

ure around the discs was removed using a scalpel to prepare disc 

pecimens from C2 to C5 (n = 30 discs). AF specimens oriented 

n the circumferential-radial and radial directions were prepared 

rom the freshly dissected discs ( Fig. 1 A – ‘Circ-rad specimen’ and 

Radial specimen’). A freezing stage microtome was used to ob- 

ain 2 mm-thick rectangular specimens. A custom-built cutting 

ool was used to ensure a specimen width of 5 mm, while sam- 

le length depended on the specimen orientation, with an aver- 

ge of 10 mm for circumferential-radial and 5 mm for radial sam- 

les. Both circumferential-radial and radial specimens contained 

10-15 lamellae. To ensure repeatable midlength failure, a 1 mm 

hick, full-width notch was created using a custom-made cutting 

ig in the specimen thickness direction for the circumferential- 

adial samples [26] . Preliminary testing showed that radial spec- 

mens exhibited limited grip failure. Thus, the radial specimens 

ere unnotched. Previous studies reported no significant differ- 

nces in stiffness or strength between notched and intact fiber- 

einforced soft tissue specimens and demonstrated a limited effect 

f stress concentrations at the notch site [36] . 

Circumferential-radial specimens were prepared with one of the 

ollowing three soaking protocols to obtain physiologically rele- 

ant AGE levels in vitro . Samples in the control group (CTRL) were 

oaked for 18 h at 25 °C in a solution containing 5% phosphate- 
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Fig. 1. (A) Schematics of specimen orientation, loading direction (red arrows), and midlength notch geometry for the experimental specimens and validation FEMs. (B) 

Circumferential-radial sample gripped by the custom-made serrated screw-clamp grips and soaked in an SPEG5 bath during testing. Red arrows represent the loading 

direction. Model schematics demonstrating (C) possible crosslink orientations and (D) simulated uniaxial and biaxial boundary conditions. The models in (D) were developed 

to examine multiscale AF mechanics under the uniaxial and biaxial boundary conditions and were created without a midlength notch. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this article.) 
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uffer solution and 5%w/v polyethylene glycol (i.e., SPEG5 solu- 

ion) to minimize excessive tissue swelling [ 20 , 27 ]. Glycated sam- 

les were soaked in 0.3 M methylglyoxal at either 25 °C (GLY25) 
r 50 °C (GLY50) [20] . All soaking solutions were pH-balanced to 

.4, and previous work showed that incubation at 50 °C did not al- 
er bulk AF mechanics or composition [34] . Only CTRL and GLY50 

roups were prepared for radial specimens, which had collagen 

bers oriented perpendicular to the loading direction, resulting in 

inimal fiber engagement. 

.1.2. Mechanical testing 

Samples were gripped for mechanical testing using a pair of 

ustom-made serrated screw-clamp grips and were placed in a 

PEG5 solution water bath to maintain physiologic tissue hydra- 

ion throughout testing (up to ∼170 min; Fig. 1 B). A monotonic 

.1 N preload was applied to remove slack from the tissue. Scale 

ar photographs of each specimen were taken to measure the ini- 

ial sample-specific specimen length (circumferential-radial speci- 

en: 9.64 ± 1.46 mm; radial specimen: 4.94 ± 1.48 mm). Uniaxial 

ension was applied monotonically along the circumferential direc- 

ion for the circumferential-radial samples (n = 15 per treatment 

roup) and radial direction for the radial samples (n = 8 per treat- 

ent group) at a quasistatic loading rate (0.1 mm/min, 0.017%/sec). 
3

echanical testing ended when the specimens were separated into 

wo pieces with no load-bearing capability. Rate-dependent differ- 

nces were assessed for the circumferential-radial specimens at a 

igh loading rate (50 mm/min, 8.33%/sec, n = 17 per treatment 

roup). Preliminary testing showed that rate-dependent mechan- 

cs variations for these specimens followed a similar trend to that 

eported for the circumferential-axial samples [20] . Since the ob- 

ective of the current study was to investigate the effect of AGEs 

n anisotropic AF uniaxial tensile mechanics, high-rate mechanics 

ata are only presented in Supplementary Fig. 1 . Unless otherwise 

pecified, the remainder of this article presents mechanical testing 

ata obtained at the quasistatic loading rate. 

For each specimen that demonstrated a clean midlength fail- 

re, engineering stress-strain response was analyzed to facilitate 

omparison to the existing literature. Engineering stress was calcu- 

ated as the measured force divided by the initial cross-sectional 

rea evaluated at specimen midlength. Engineering strain was cal- 

ulated as the tester crosshead displacement divided by the ini- 

ial gauge (specimen) length. Bulk tensile modulus was calculated 

t the linear region to ensure physiologic relevance and facili- 

ate comparison with prior literature. The linear region of the 

ircumferential-radial specimen was identified using a custom lin- 

ar regression optimization algorithm. The algorithm excluded the 
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Fig. 2. Representative experimental (EXP) and model-predicted engineering stress- 

strain curves at each glycation level for (A) circumferential-radial and (B) radial 

and circumferential-axial specimens. Data reported for circumferential-axial sam- 

ples were adapted from Werbner et al. for model validation [20] . Inset in (A) 

demonstrates the linear regions calculated by the custom linear regression opti- 

mization algorithm using bolded black line segments. 
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oe and yield regions of the stress-strain response and calcu- 

ated the linear region by determining the maximum range within 

he stress-strain response in which the change in slope remained 

ithin a selected threshold (5%) for strain increments of 0.75% 

 Fig. 2 A – inset). Failure stress and strain were recorded at the 

aximum force during testing. The ‘failure energy ratio’ was also 

alculated as the strain energy density up to the point of failure 

ivided by the total strain energy density [20] . 

.1.3. Biochemistry 

After mechanical testing, a 3 mm biopsy punch was used to ex- 

ract tissue near the failure sites. Tissue samples were blotted dry 

sing a Kimwipe prior to wet weight measurements. The tissue 

amples were then lyophilized for 48 h for dry weight measure- 

ents. Water content was calculated as the difference between the 

et and dry weight divided by the wet weight. Collagen content 

as measured using the ortho-hydroxyproline (OHP) colorimetric 

ssay, assuming a 1:7.5 OHP-to-collagen mass ratio [37] . Total flu- 

rescence, which estimated the AGE content, was assessed using a 

uinine sulfate standard at excitation/emission wavelengths of 370 

m/440 nm and was reported as equivalent nanograms of quinine 

ormalized by tissue dry weight [20] . Biochemistry assessments 

ere conducted on the circumferential-radial specimens. 
4 
.1.4. Statistical methods 

A priori power analysis was performed using data reported by 

erbner et al. to calculate the necessary sample size to achieve a 

ignificance level of 0.05 and a power of 0.95 [20] . Pairwise per- 

utation tests with repeated measures were conducted between 

reatment groups for all mechanical and biochemical properties, 

s a few datasets did not pass the Shapiro-Wilk Normality Test. 

ll measurements were reported as mean ± standard deviation 

ince most datasets ( > 80%) followed a normal distribution. Bivari- 

te linear correlations were established between tensile modulus 

nd AGE content and between failure stress and AGE content for 

he circumferential-radial specimens. Correlation strength was de- 

ermined based on the correlation coefficient R (weak: |R| < 0.5, 

oderate: 0.50 ≤ |R| < 0.70, strong: |R| ≥ 0.70). A two-way analy- 

is of covariance (ANCOVA) was performed to compare the regres- 

ion models for the circumferential-radial specimens in this study 

o the circumferential-axial regression models reported by Werb- 

er et al. (independent variable: AGE content; fixed factor: spec- 

men orientation) [20] . Significance for the permutation tests and 

NCOVA was assumed at p < 0.05. 

.2. Finite element modeling 

.2.1. Model development and validation 

For this study, we adapted a previously validated multiscale 

tructure-based FEM framework developed for the AF [28] . For 

revity, only essential model development details are provided, 

ut the reader is encouraged to refer to the previous paper for 

dditional information. In short, the AF was modeled as a fiber- 

einforced composite, where the extrafibrillar matrix and colla- 

en fiber bundles were described as distinct materials occupying 

eparate volumes, and the fiber bundles were described as full- 

ength cylinders uniformly distributed throughout the lamellae and 

elded to the surrounding matrix ( Fig. 1 C) [ 28 , 38 , 39 ]. The ge-

metries and dimensions of the validation FEMs were developed 

o represent rectangular experimental specimens oriented in the 

ircumferential-axial, circumferential-radial, and radial directions 

 Fig. 1 A) [20] . Individual AF lamellae were modeled as 0.4 mm 

hick [40] , with collagen fibers orienting at ±35 ° to the anatomical 

ransverse plane to represent samples prepared from the middle- 

uter AF [41] . Model geometries also included a midlength notch 

or the circumferential-axial and circumferential-radial specimens 

 Fig. 1 A). Circumferential-axial ( ∼950k elements), circumferential- 

adial ( ∼850k elements), and radial models ( ∼420k elements) con- 

ained five, twelve, and eleven lamellae, respectively, which were 

onsistent with the number of lamellae in experimental specimens. 

odel material descriptions and boundary and loading conditions 

ere defined in FEBio Studio, and the fully defined FEMs were 

olved by the FEBio solver [42] . 

Triphasic mixture theory was applied to describe tissue hy- 

ration [43] . Model fixed charge density represented tissue pro- 

eoglycan content and was set to −100 mmol/L for the matrix 

nd 0 mmol/L for the fibers [ 34 , 44 , 45 ]. To describe the AF solid

hase, the extrafibrillar matrix was modeled as a Neo-Hookean 

aterial [29] , where the Young’s modulus (0.5 MPa) and Poisson’s 

atio (0.3) were determined based on in vitro AF measurements 

 46 , 47 ]. Collagen fibers were modeled as a compressible hypere- 

astic ground matrix substance reinforced by a power-linear fiber 

escription to describe AF nonlinearity and anisotropy. The ground 

atrix substance was modeled using the same Neo-Hookean ma- 

erial described above. For the power-linear fiber description (Eq. 

 1 )), β represented the power-law exponent in the toe region, E lin 
epresented the fiber modulus in the linear region, λ0 represented 

he transition stretch between the toe and linear regions, and B 

as a function of β , E lin , and λ0 ( B = 

E lin 
2 ( 

λ2 
0 
−1 

2( β−1 ) λ3 + 
1 
λ0 

) . Fiber pa-

0 
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ameters ( E lin = 60 MPa, β = 4, and λ0 = 1.09) were determined 

ased on our previously validated models and reported AF fiber 

undle mechanical testing data [ 28 , 48 ]. 

 n 

(
λn 

)

= 

⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

0 λn < 1 
E lin 

4 β( β−1 ) λ3 
0 

(
λ2 
0 − 1 

)2 −β(
λn − 1 

)β
1 ≤ λn ≤ λ0 

E lin 
(
λn − λ0 

)
+ B 

(
λ2 
n − λ2 

0 

)
+ 

E lin 
4 β( β−1 ) λ3 

0 

(
λ2 
0 − 1 

)2 
λn > λ0 

(1) 

To account for potential AGE-modifiable fibrous AF crosslinking 

tructures, non-enzymatic crosslinks were modeled as a combina- 

ion of three possible components oriented in mutually perpendic- 

lar directions, including (1) in-plane crosslinks parallel to the col- 

agen fibers (in-plane shear crosslinks), (2) in-plane crosslinks per- 

endicular to the collagen fibers (in-plane normal crosslinks), and 

3) out-of-plane crosslinks oriented in the AF radial direction (out- 

f-plane radial crosslinks; Fig. 1 C). All crosslink components were 

odeled as extrafibrillar reinforcements described by the power- 

inear fiber description (Eq. (1) ). Since no previous evidence has 

ointed towards variations in crosslink mechanics with orienta- 

ion, all crosslink components were assumed to share identical ma- 

erial parameters. Nonlinear crosslink material parameters (i.e., β
nd λ0 ) were assigned the same values as the collagen fibers, with 

xception of the crosslink modulus ( E crosslink ), which was the cali- 

rated parameter in this study. A higher AGE content was assumed 

o generate a proportionally greater amount of AGEs that could 

rosslink collagen fibers, resulting in denser AGE compounds per 

pecimen unit volume, and thus a higher apparent crosslink mod- 

lus (i.e., E crosslink, GLY50 = 2 × E crosslink, GLY25 ). 

The adapted FEM was validated to ensure its predictive power 

ver AF uniaxial tensile mechanics with non-enzymatic glycation. 

ll validation FEMs were loaded in two steps. To account for spec- 

men hydration, free-swelling was simulated in the SPEG5 external 

ath [27] . The post-swelling, pre-tension configuration was defined 

s the reference configuration for mechanics calculations. A uniax- 

al quasistatic tensile ramp to 40% engineering strain was then ap- 

lied in the circumferential direction for the circumferential-axial 

nd circumferential-radial models, while a uniaxial quasistatic ten- 

ile ramp to 150% radial engineering strain was simulated for the 

adial model. Displacement on the specimen top and bottom sur- 

aces was constrained to the loading direction throughout the sim- 

lated tension. For the circumferential-axial and circumferential- 

adial models, the tensile modulus was calculated as the slope of 

he linear region of the engineering stress-strain curve between 

5% and 35% engineering strain. The tensile modulus for the radial 

odels was calculated as the slope of the engineering stress-strain 

esponse between 100% and 150% engineering strain. To ensure an 

ptimal solution for the crosslink modulus calibration, a paramet- 

ic study was conducted by developing parametric FEMs with vary- 

ng crosslink modulus (n = 16 per orientation for circumferential- 

xial and circumferential-radial models). Model predictions were 

onsidered valid if the predicted tensile modulus deviated from the 

espective reported experimental means by less than 50% of the re- 

orted standard deviation. 

A multivariate linear regression model was used to evaluate 

he relationship between the increase in AF circumferential ten- 

ile modulus and crosslink modulus based on the parametric FEM 

odels. Significance was assumed for p < 0.05. The relative con- 

ribution of crosslink modulus to the increase in AF circumferen- 

ial tensile modulus was calculated using the relaimpo package in 

 and reported as a percentage [49] . 

.2.2. Effect of non-enzymatic glycation on multiscale AF mechanics 

Following model validation, another set of circumferential-axial 

nd circumferential-radial models was developed to investigate 
5 
he effect of non-enzymatic glycation on multiscale AF mechanics. 

hile model dimensions still mimicked the samples for mechani- 

al testing, the midlength notch geometry was excluded ( Fig. 1 D). 

odels were developed to represent the CTRL and GLY50 sam- 

les loaded under uniaxial and biaxial boundary conditions. For 

he uniaxial models, the boundary and loading conditions were 

dentical to the validation FEMs. For the biaxial models, the axial 

oundaries were fixed throughout the simulated quasistatic ten- 

ion, which was applied in the circumferential direction to 40% 

ngineering strain ( Fig. 1 D). The post-swelling, pre-tension config- 

ration was defined as the reference configuration. The apparent 

ulk tensile modulus was calculated as the slope of the linear re- 

ion of the engineering stress-strain curve between 25% and 35% 

ngineering strain. The average stress in the extrafibrillar matrix 

nd fibers were evaluated throughout the simulated tension. The 

ercentage of failed tissue elements was evaluated at 0.5 MPa cir- 

umferential stress due to physiologic relevance [40] , which was 

alculated as the applied circumferential load divided by the re- 

pective specimen cross-sectional area. To ensure the robustness 

f our model predictions, the percentage of tissue failure was also 

valuated using a strain-based assumption at 15% circumferential 

ngineering strain, which corresponds to the largest internal AF 

train observed in vitro in intact discs under physiologically rele- 

ant loadings [ 50 , 51 ]. Failure of individual tissue elements was as- 

essed using a stress-based criterion. Bulk AF radial failure stress 

as considered representative of matrix failure stress due to the 

inimum fiber engagement in that orientation. The failure stress 

or the fibers was determined based on data in the literature [52] . 

he failure threshold was set at 75% of the respective mean failure 

tress to better represent tissue failure initiation following yielding 

53] . 

. Results 

.1. Experimental testing 

Circumferential-radial specimens demonstrated a nonlinear 

ulk stress-strain response, while radial samples showed a pseudo- 

inear bulk stress-strain response prior to bulk tissue failure ( Fig. 2 

colored solid lines). A clear linear region was observed for all 

ircumferential-radial specimens ( Fig. 2 A – inset). A maximum 

tress that corresponded to bulk tissue failure was observed for 

ll specimens. Mechanical testing data was only analyzed for sam- 

les that demonstrated a clean midlength failure (circumferential- 

adial: 73% of total specimens, n = 11 per treatment group; radial: 

8% of total specimens, n = 7 per treatment group). 

For circumferential-radial specimens, the GLY50 treatment in- 

reased the tensile modulus by 53% compared to the CTRL group 

CTRL: 11.73 ± 2.76 MPa, GLY50: 17.96 ± 3.24 MPa, p < 0.001) and 

y 35% compared to the GLY25 group (GLY25: 13.33 ± 4.95 MPa, 

 = 0.013; Fig. 3 – Circ-rad). The GLY50 treatment also increased 

he failure stress by 57% compared to the CTRL group (CTRL: 2.35 

0.77 MPa, GLY50: 3.69 ± 0.83 MPa, p < 0.001) and by 32% com- 

ared to the GLY25 group (GLY25: 2.79 ± 1.24 MPa, p = 0.012; 

ig. 4 A – Circ-rad). However, the tensile modulus and failure stress 

f the GLY25 samples were not different from the CTRL specimens 

p > 0.35). For radial specimens, the GLY50 treatment increased 

he failure stress by 40% compared to the CTRL group (CTRL: 0.39 

0.15 MPa, GLY50: 0.54 ± 0.09 MPa, p = 0.043; Fig. 4 A – Ra- 

ial). However, the tensile modulus was not affected by the glyca- 

ion treatment (p > 0.90; Fig. 3 – Radial). Non-enzymatic glycation 

id not affect tissue failure strain in both tested orientations and 

ll treatment groups (p > 0.35; Fig. 4 B). Additionally, a trend in 

ailure energy ratio was not observed with non-enzymatic glyca- 

ion. 
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Fig. 3. Experimental tensile modulus (circles) compared to model predictions (diamonds) at each glycation level for all three specimen orientations. Data reported for 

circumferential-axial samples are reproduced from Werbner et al. for model validation [20] . ∗ represents p < 0.001 vs. CTRL; ̂  represents p < 0.05 vs. GLY25. 

Fig. 4. (A) Failure stress and (B) failure strain at each glycation level for both specimen orientations. ∗ represents p < 0.05 vs. CTRL; ̂  represents p < 0.05 vs. GLY25. 
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AGE content normalized by tissue dry weight increased by 87% 

ith the GLY25 treatment (CTRL: 250 ± 84 ngQ/mg dry weight; 

LY25: 468 ± 138 ngQ/mg dry weight, p < 0.001) and by ∼210% 

ith the GLY50 treatment (GLY50: 779 ± 87 ngQ/mg dry weight, 

 < 0.001). The AGE content of the GLY50 group was ∼65% higher 

han the GLY25 group (p < 0.001; Fig. 5 A). Water and collagen con-

ent were not affected by the glycation treatment ( Fig. 5 B and 5 C).

In the circumferential-radial direction, there was a moderate 

ositive correlation between AGE content and tensile modulus 

R = 0.55, p < 0.001; Fig. 6 A – black trendline); a moderate pos-

tive correlation was also observed between AGE content and fail- 

re stress (R = 0.55, p < 0.0 0 01; Fig. 6 B – black trendline). Spec-

men orientation had a significant effect on the relationship be- 

ween AGE content and tensile modulus and between AGE content 

nd failure stress (ANCOVA p < 0.001), with the tensile properties 
p

6 
f circumferential-axial specimens being more sensitive to AGE ac- 

umulation ( Fig. 6 – gray vs. black trendlines). 

.2. Finite element modeling 

.2.1. Model validation 

With all three possible crosslink components (i.e., in-plane 

hear crosslinks, in-plane normal crosslinks, and out-of-plane ra- 

ial crosslinks, Fig. 1 C), model predictions showed that a crosslink 

odulus lower than 0.1 MPa was required to predict an AF ra- 

ial tensile modulus within the range of existing experimental 

ata ( Fig. 7 A). Meanwhile, FEMs with a crosslink modulus of 10 

Pa predicted an AF radial tensile modulus of 6.38 MPa, more 

han 10 × higher than the largest AF radial tensile modulus re- 

orted ( Fig. 7 A). However, a crosslink modulus greater than 7.5 
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Fig. 5. (A) AGE, (B) water, and (C) collagen content at each glycation level. The gray region in (A) represents the range of AGE content measured in human discs [20] . ∗

represents p < 0.001 vs. CTRL; ̂  represents p < 0.001 vs. GLY25. 

Fig. 6. Bivariate linear correlation between (A) tensile modulus and (B) failure stress and AGE content for circumferential-radial samples (black circles). Quasistatic 

circumferential-axial data reported by Werbner et al. were shown for comparison (gray circles) [20] . Regression models obtained for the two specimen orientations were 

significantly different (ANCOVA p < 0.001). 
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Pa was required to generate model predictions within approxi- 

ately one standard deviation of the mean circumferential tensile 

odulus values ( Fig. 7 B). Therefore, out-of-plane radial crosslinks 

ere not included in the model ( Fig. 1 C). Model predictions also 

howed that FEMs with only in-plane shear crosslinks or in-plane 

ormal crosslinks greatly underestimated AF circumferential ten- 

ile modulus for the GLY50 group ( Fig. 7 C). Thus, both in-plane 

hear crosslinks and in-plane normal crosslinks were necessary 

nd therefore included in the model. 

Adapted FEMs accurately and robustly predicted experimental 

easurements when the crosslink modulus was 12.5% of colla- 

en fibers (i.e., 7.5 MPa) in the GLY25 model and 25% of collagen 

bers (i.e., 15 MPa) in the GLY50 model, which was further con- 

rmed by the parametric FEM predictions ( Fig. 7 B). Model predic- 

ions matched well with experimental stress-strain responses in all 

pecimen orientations and all treatment groups ( Fig. 2 – colored 

ashed vs. solid lines). Model-predicted bulk AF tensile modulus 

alues were within 0.4 × standard deviation from the experimen- 

al means in all specimen orientations and all treatment groups 

 Fig. 3 ). Thus, the adapted FEMs were considered valid for describ- 

ng and investigating AF tensile mechanics with non-enzymatic 

lycation. 

Multivariate linear regression models were able to explain more 

han 99.5% of the variance in parametric FEMs. Terms associated 

ith the out-of-plane radial crosslinks were excluded from the 
7 
odels. The increase in AF circumferential tensile modulus in- 

reased linearly with in-plane shear and in-plane normal crosslink 

odulus (p < 0.001 for both crosslink types and specimen ori- 

ntations) but did not depend on their interactions (Eqs. (2) and 

3) ). The relative contribution analysis suggested that the increase 

n AF circumferential tensile modulus was more sensitive to the 

n-plane shear than the in-plane normal crosslink modulus. Partic- 

larly, the in-plane shear crosslink modulus contributed to ∼90% 

f the increase in circumferential tensile modulus in both orien- 

ations, while the in-plane normal crosslink modulus only con- 

ributed ∼10%. 

E Circ −ax = 4 . 62 + 0 . 91 × E crosslink , ISC + 0 . 27 × E crosslink , INC + ε 

(2) 

E Circ −rad = 0 . 21 + 0 . 41 × E crosslink , ISC + 0 . 13 × E crosslink , INC + ε 

(3) 

.2.2. Effect of non-enzymatic glycation on multiscale AF mechanics 

For circumferential-axial models, the biaxial boundary condi- 

ion increased the apparent tensile modulus by 62-85% ( Fig. 8 A –

irc-ax, diagonal vs. solid bars). Glycation had a comparable effect, 
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Fig. 7. (A) Model-predicted AF radial tensile modulus with varying crosslink mod- 

ulus ( E crosslink = 0.01 MPa, 0.1 MPa, 1 MPa, and 10 MPa). Predicted values were 

compared to the AF radial tensile modulus range reported in the literature, high- 

lighted by the gray region [ 40 , 54–56 ]. (B) Model-predicted tensile modulus for 

circumferential-axial and circumferential-radial specimens with varying crosslink 

modulus. Horizontal solid and dashed lines represent the range of experimental 

data (mean ± standard deviation, std). (C) Model-predicted circumferential tensile 

modulus for GLY50 specimens with varying crosslinking structures vs. experimental 

data. 
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Fig. 8. Model-predicted (A) circumferential tensile apparent modulus, (B) average 

matrix and fiber stress. The light blue and red horizontal dashed lines represent 

the stress thresholds for failed matrix elements in CTRL and GLY50 models, respec- 

tively. The black dashed line represents the failure stress threshold for fibers [52] . 

(C) Percentage of failed matrix elements evaluated at 0.5 MPa circumferential stress 

and 15% engineering strain. (For interpretation of the references to colour in this 

figure legend, the reader is referred to the web version of this article.) 
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ncreasing the apparent tensile modulus by 66-89% ( Fig. 8 A – Circ- 

x, red vs. blue bars). For circumferential-radial models, the biaxial 

oundary condition had a less pronounced effect, only increasing 

he apparent tensile modulus by 17-28% ( Fig. 8 A – Circ-rad, diago- 

al vs. solid bars); however, glycation increased the apparent ten- 

ile modulus by more than 75% ( Fig. 8 A – Circ-rad, red vs. blue

ars). 

Model predictions indicated that glycation had a greater impact 

n subtissue-level mechanics than altered boundary conditions, es- 

ecially in the extrafibrillar matrix ( Figs. 8 B, 8 C, and 9 ). Under 0.5

Pa, the average matrix stress in the uniaxial circumferential-axial 

TRL model was 0.25 MPa and increased by ∼60% to 0.40 MPa 

ith glycation ( Fig. 8 B – Matrix, solid blue vs. red lines; Fig. 9 A).

imulating a biaxial boundary condition only increased the average 
8 
atrix stress by less than 5% ( Fig. 8 B – Matrix, blue solid vs. dotted

ines; Fig. 9 A). Based on the failure criterion calculated using the 

easured AF radial failure stress (CTRL: 0.39 MPa × 75% = 0.29 

Pa; GLY50: 0.54 MPa × 75% = 0.40 MPa; Fig. 4 A), glycation led 

o a ∼4 × increase in the percentage of failed matrix elements from 

3% to 50% under uniaxial tension at 0.5 MPa ( Fig. 8 C – red vs.

lue solid bars), while biaxial loading resulted in a ∼1.5 × increase 

n the percentage of failed matrix elements ( Fig. 8 C – diagonal vs. 

olid blue bars). In the circumferential-axial biaxial models, glyca- 

ion increased the average matrix stress by ∼90% from 0.30 to 0.56 

Pa ( Fig. 8 B – Matrix, dotted blue vs. red lines; Fig. 9 A), resulting

n over 70% of the matrix elements exceeding the failure threshold 

 Fig. 8 C – at 0.5 MPa, diagonal red bar). A similar trend was ob-

erved when evaluating failure using a strain-controlled assump- 

ion at 15% engineering strain ( Fig. 8 C – at 15% strain; Fig. 9 B). 

Contrary to the changes in matrix mechanics, the average fiber 

tress was largely unaffected by glycation ( Fig. 8 B – Fiber, red vs. 

lue lines; Fig. 9 ). At 0.5 MPa circumferential stress or 15% engi- 
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Fig. 9. (A) Representative frontal and side midplane stress distributions at 0.5 MPa circumferential stress for CTRL and GLY50 models. Stress in the extrafibrillar matrix 

increased with glycation, changing from dark blue shading in the CTRL to green in the GLY50 models. Red shadings represent higher stresses in the fibers (vs. the matrix). 

(B) Representative stress distributions at 15% applied circumferential engineering strain showed a similar trend. 
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eering strain, increasing the boundary constraints with the bi- 

xial boundary increased the average fiber stress by 20-70%, but 

he average fiber stress remained well below the failure thresh- 

ld ( Fig. 8 B – Fiber, solid vs. dotted lines). A similar trend was ob-

erved for models oriented in the circumferential-radial direction. 

. Discussion 

The study investigated the relationship between physio- 

ogic levels of advanced glycation end-products and anisotropic 

F uniaxial tensile mechanics using a combined experimental- 

omputational approach. In vitro glycation increased AF tensile 

odulus and failure stress in the circumferential-radial direction 

 Figs. 3 and 4 A), agreeing with previous observations reported for 

ircumferential-axial samples [ 19 , 20 ]. However, for circumferential- 
9 
adial specimens, changes in tensile mechanics with AGE accumu- 

ation were not as pronounced ( Fig. 6 ) [20] . Specifically, the in 

itro glycation treatments led to comparable increases in AGE con- 

ent in both specimen orientations [20] . However, the GLY50 treat- 

ent increased the AF tensile modulus and failure stress by ∼100% 

or the circumferential-axial specimens but only by ∼50% for the 

ircumferential-radial specimens. While the GLY25 treatment led 

o statistically significant increases in circumferential-axial tensile 

odulus and failure stress, it did not affect the circumferential- 

adial specimens ( Figs. 3 and 4 A). Additionally, multivariate linear 

egression predicted that the modulus of in-plane shear crosslinks, 

hich are parallel to the collagen fibers, contributed to approxi- 

ately 90% of the increase in tensile modulus. The primary distinc- 

ion between circumferential-axial and circumferential-radial spec- 

mens lies in the loading direction relative to the orientation and 
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ength of the collagen fibers. In particular, collagen fibers in the 

ircumferential-radial specimen extended across the 2 mm thick- 

ess, while fibers in the circumferential-axial sample traversed the 

ntire 5 mm width, resulting in a larger effective fiber length and 

ber engagement [ 29 , 57 ]. Taken together, these findings indicated 

hat non-enzymatic crosslinks had the greatest impact along the 

ollagen fiber direction, with this effect increasing with intact fiber 

ength and fiber engagement. 

Non-enzymatic glycation had a smaller effect on AF radial me- 

hanics, where fiber engagement was minimal during loading. 

pecifically, the GLY50 treatment did not affect the tissue modulus 

nd only increased the failure stress by 40% ( Figs. 3 and 4 A). FEM

redictions also suggested a negligible effect from the AGEs in the 

adial direction ( Fig. 1 C), as including out-of-plane radial crosslinks 

ed to unrealistically high radial tensile modulus ( Fig. 7 A). While 

efining a smaller modulus for the radial crosslinks (i.e., 0.01-0.1 

Pa) compared to the in-plane crosslinks produced realistic AF ra- 

ial tensile modulus predictions ( Fig. 7 A), we did not find previous 

vidence supporting stiffness variations between AGEs compounds 

erived from the same collagen type. Previous two-dimensional 

onstitutive models developed to describe AF mechanics with gly- 

ation also suggested that in-plane crosslinks were sufficient [18] . 

urthermore, elastin proteins, the main constituents of interlamel- 

ar elastic fibers oriented in the AF radial direction, only accounted 

or 2% of tissue dry weight, indicating a low likelihood of elastin- 

erived AGEs compounds (i.e., out-of-plane radial crosslinks) [58–

0] . A multiphoton autofluorescence study further complemented 

hese findings by demonstrating that collagens were more respon- 

ive to AGE formation than interlamellar elastic fibers [61] . Thus, 

ur results agree with and add to the existing literature regard- 

ng the crosslinking structure by showing that interlamellar radial 

rosslinks are unlikely to form in the AF. 

Studies that evaluate mechanical properties of human disc soft 

issues are known to report large variations. While reported me- 

hanics variations between studies can be attributed to differences 

n specimen geometry [29] , variations within studies might, in 

art, be due to differences in tissue composition with degenera- 

ion and disease. For example, coefficients of variation (i.e., the ra- 

io of the standard deviation to the mean) for the tensile mod- 

lus of healthy anterior outer circumferential-axial AF specimens, 

hose structure and morphology are expected to be relatively uni- 

orm, still range from 0.56 to 0.82 [ 53 , 55 , 56 , 62 ]. This study evalu-

ted a parametric group of crosslink modulus values corresponding 

o different AGE levels to determine the effect of AGE accumula- 

ion on bulk tissue mechanics. The parametric models predicted 

 range of modulus values that spanned the experimental varia- 

ions reported in both specimen orientations ( Fig. 7 B). This finding 

uggested that large variations observed in human disc mechanical 

roperties may be in part due to variations in AGE content, which 

re often not accounted for during tissue degeneration level evalu- 

tions (e.g., Thompson scale) [63] . 

AGE accumulation occurs naturally with aging and has been 

inked to various soft tissue diseases besides disc degenerative dis- 

rders, such as osteoarthritis and tendinopathy [ 15 , 64 , 65 ]. Studies

sing diabetic rodent models also reported significantly reduced 

endon modulus and failure stress [ 66 , 67 ]. However, conflicting 

esults have been reported in vitro . In addition to the increased 

F energetic toughness reported in the current and previous AF 

tudies [18–20] , non-enzymatic glycation in vitro has been found 

o increase tissue stiffness and failure stress in other soft fiber- 

einforced soft tissues, such as tendons, cartilages, and corneas 

68–72] . In vitro crosslinking also enhanced tissue resistance to col- 

agen degradation and mechanical wear [73] . Researchers have par- 

ially attributed this discrepancy to the uncoupling of exogenous 

GE accumulation from natural cellular and tissue remodeling in 

esponse to a high AGE extracellular environment, which is known 
10 
o induce cellular inflammatory responses [ 24 , 74–77 ]. Alternatively, 

endon studies reported that AGE treatment significantly reduced 

issue viscoelastic properties (i.e., energy dissipation capabilities) 

 69 , 70 ], suggesting that diabetic crosslinking might induce prema- 

ure tissue failure by compromising tissue performance under fa- 

igue loading. Additionally, tendon studies have shown that non- 

nzymatic glycation may result in tissue stiffening due to dimin- 

shed interfibrillar sliding [ 69 , 70 , 72 , 78 ]. Similar mechanisms may

e at play in the AF, despite the differences in tissue composition 

nd fiber orientation; however, interfibrillar sliding was beyond the 

cope of this study. 

In this study, subtissue-level FEM predictions provided another 

robable explanation for this discrepancy between in vivo and in 

itro tissue failure behavior with AGE accumulation. Under a physi- 

logically relevant stress (i.e., ∼0.5 MPa) or strain range (i.e., ≤ 15% 

train), glycation greatly increased the stress in the extrafibrillar 

atrix, predisposing a larger portion of the tissue to a greater risk 

f mechanical failure ( Fig. 8 B and C). The current study evaluated 

atrix failure under both stress- and strain-controlled methods, as 

oth approaches have been used frequently and interchangeably 

n experimental and computational studies [79] . As such, the im- 

roved bulk AF tensile mechanical properties with AGE accumula- 

ion were achieved at the risk of exposing the extrafibrillar matrix 

o increased mechanical damage accumulation. Additionally, pre- 

ious cellular biology studies showed that higher stresses applied 

o AF cells caused inflammatory responses, which may also trig- 

er premature tissue failure through catabolic remodeling [80–82] . 

astly, future experimental work is needed to confirm that findings 

rom this study are translatable to human disc tissues. 

The biaxial boundary condition was simulated in the current 

tudy due to its physiologic relevance and difficulties in conduct- 

ng repeatable soft tissue biaxial tensile testing in vitro . Model pre- 

ictions highlighted that glycation had a greater effect on AF bulk 

nd subtissue-level mechanics than the evaluated biaxial boundary 

ondition (i.e., an axial-fixed condition), especially on the stresses 

n the extrafibrillar matrix ( Fig. 8 B). However, the more constrained 

iaxial boundary amplified the effect of glycation, disposing nearly 

ll the matrix elements in the GLY50 biaxial model to failure under 

arge physiologic deformations ( Fig. 8 C). This amplifying effect may 

e more pronounced in vivo , as the heavily glycated tissues would 

e more restricted by the surrounding structures (e.g., the nucleus 

nd endplates), further increasing the risk of tissue failure. 

One limitation of the current study was that tissue proteoglycan 

ontent was not characterized. However, previous in vitro studies 

onsistently reported that AGE treatment did not affect proteogly- 

an content, regardless of the crosslinking agent used [83–85] . Tis- 

ue water content, a benchmark for proteoglycan content, also re- 

ained at the fresh tissue level for all treatment groups ( Fig. 5 B),

uggesting that proteoglycan was unaffected by the methylglyoxal- 

ased treatment. While AGE content in discs from diabetic patients 

as not been characterized, the AGE content induced in GLY25 

pecimens aligned well with the range measured from human ca- 

averic disc tissues, while CTRL and GLY50 specimens covered the 

ower and higher end of that range ( Fig. 5 A) [20] , making our spec-

mens justifiable candidate tissue models to examine the differ- 

nces between healthy and diabetic tissues. Another limitation was 

hat the current study did not characterize the elastin-derived AGE 

ontent, which could have a considerable effect on AF mechan- 

cs, especially with degeneration [59] . Computationally, crosslinks 

ere described as extrafibrillar reinforcements. Future models may 

eed to explicitly describe crosslinks to differentiate failure orig- 

nating from the extrafibrillar matrix from the crosslinks them- 

elves. This differentiation could highlight the relative contribution 

f fiber stiffening and reduced interfibrillar sliding to bulk tissue 

trengthening with glycation, which remains a debate in the field 

 69 , 70 , 72 , 78 ]. 
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. Conclusions 

The current study evaluated the effects of AGEs on anisotropic 

F uniaxial tensile mechanics using a combined experimental- 

omputational approach. Experimentally, AF uniaxial tensile me- 

hanical properties were reported in circumferential-radial and ra- 

ial directions at three physiologically relevant AGE levels. Com- 

utationally, multiscale structure-based FEMs were developed and 

alidated to describe crosslinks within the extrafibrillar matrix. The 

alidated models were used to examine the effect of glycation 

n multiscale AF mechanics under uniaxial and biaxial boundary 

onditions. Mechanical testing results showed that in vitro glyca- 

ion did not lead to compromised AF mechanical properties un- 

er monotonic quasistatic uniaxial tension in both tested orienta- 

ions, agreeing with previous literature. The proposed FEM frame- 

ork accurately predicted AF bulk tensile mechanics with glycation 

nd provided insight into the relationship between AGE accumu- 

ation and more frequent and severe tissue failure observed with 

iabetes. Specifically, glycation exposed the extrafibrillar matrix to 

reater stresses under physiologically relevant deformations, which 

ay lead to increased tissue failure through greater accumulated 

echanical damage or catabolic tissue remodeling. Our findings 

lso suggested probable crosslinking structures at the subtissue 

evel, indicating that AGEs had a more pronounced effect along 

he fiber direction, while interlamellar radial crosslinks were less 

ikely to form in the AF. In conclusion, the improved bulk mechan- 

cal properties of fiber-reinforced biological tissues with AGE accu- 

ulation may be achieved at the risk of exposing the extrafibril- 

ar matrix to larger stresses under physiologic deformations, lead- 

ng to premature tissue failure. The presented combined approach 

rovides a powerful tool for examining multiscale AF structure- 

unction relationships with disease progression, which is crucial for 

eveloping effective preventive measures and therapeutic interven- 

ions for low back pain. 
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