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A B S T R A C T   

Advanced-glycation end products (AGEs) are known to accumulate in biological tissues with age and at an 
accelerated rate in patients with diabetes and chronic kidney disease. Clinically, diabetes has been linked to 
increased frequency and severity of back pain, accelerated disc degeneration, and an increased risk of disc 
herniation. Despite significant clinical evidence suggesting that diabetes-induced AGEs may play a role in 
intervertebral disc failure and substantial previous work investigating the effects of AGEs on bone, cartilage, and 
tendon mechanics, the effects of AGEs on annulus fibrosus (AF) failure mechanics have not yet been reported. 
Thus, the aim of this study was to determine the relationship between physiological levels of AGEs and AF tensile 
mechanics at two distinct loading rates. In vitro glycation treatments with methylglyoxal were applied to 
minimize changes in tissue hydration and induce two distinct levels of AGEs based on values measured from 
human AF tissues. 

In vitro glycation increased modulus by 48–99% and failure stress by 45–104% versus control and decreased 
post-failure energy absorption capacity by 15–32% versus control (ANOVA p < 0.0001 on means; range given 
across two loading rates and glycation levels). AGE content correlated strongly with modulus (R = 0.74, p <
0.0001) and failure stress (R = 0.70, p < 0.0001) and moderately with post-failure energy absorption capacity (R 
= 0.62, p < 0.0001). Failure strain was reduced by 10–17% at the high-glycation level (ANOVA p = 0.01). Tissue 
water content remained near or just above fresh-tissue levels for all groups. The alterations in mechanics with 
glycation reported here are consistent with trends from other connective tissues but do not fully explain the 
clinical predisposition of diabetics to disc herniation. The results from this study may be used in the development 
of advanced computational models that aim to study disc disease progression and to provide a deeper under
standing of altered structure-function relationships that may lead to tissue dysfunction and failure with aging and 
disease.   

1. Introduction 

Fiber-reinforced tissues of the musculoskeletal system, such as the 
annulus fibrosus (AF) in the intervertebral disc, experience large, com
plex loads during daily activities. Repetitive or excessive loading may 
initiate structural damage and lead to mechanical failure, causing 
debilitating pain and reduced mobility (Buckwalter, 1995; Luoma et al., 
2000). Additionally, disc tissue structure and composition change with 
age and disease, which alters mechanical behavior and may predispose 

the disc and surrounding structures to damage (Urban and Roberts, 
2003; Adams and Roughley, 2006). Thus, it is essential to comprehen
sively characterize tissue structure-function relationships and failure 
mechanisms to better understand and prevent avoidable injuries, 
including those occurring due to age and disease (O’Connell et al., 
2015). 

In addition to the natural aging process, several clinical conditions 
have been linked to accelerated degeneration and herniation of the 
intervertebral disc. Among cardiovascular risk factors studied in the 
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Nurses’ Health Study, diabetes had the highest relative risk of inter
vertebral disc herniation (relative risk: 1.52, 95% CI: 1.17 to 1.98) after 
correcting for additional risk factors such as age, body mass index, level 
of exercise, and several other important factors (Jhawar et al., 2006). 
Additionally, previous work showed that diabetes was associated with 
increased frequency and severity of lower back pain and diminished 
treatment outcomes (Mäntyselkä et al., 2008; Licciardone et al., 2013; 
Takahashi et al., 2013; Freedman et al., 2011). Approximately 10.5% of 
Americans are diabetic and with 1.5 million new cases diagnosed every 
year and total annual costs estimated at $327 billion, diabetes and the 
associated complications represent one of the most significant health
care issues in the United States (CDC, 2020). 

One of the most well-documented changes in connective tissues 
occurring with diabetes is the accumulation of advanced glycation end- 
products (AGEs) (Monnier et al., 1986; Singh et al., 2001; Vlassara and 
Palace, 2002; Ahmed, 2005; Tsai et al., 2014). Research in this group of 
post-translational protein crosslinks and adducts has grown in recent 
years, as they exhibit a wide range of chemical, cellular, and tissue-level 
effects that have been strongly implicated in diabetes-related compli
cations (Singh et al., 2001; Vlassara and Palace, 2002; Ahmed, 2005). 
Minimal biological turnover and a long half-life makes collagen and 
proteoglycans in the intervertebral disc particularly susceptible to 
interaction with glycating metabolites and AGE formation (Pokharna 
and Phillips, 1998; Vlassara and Palace, 2002; Snedeker and Gautieri, 
2014). AGEs have also been shown to accumulate naturally in the disc 
with age (Pokharna and Phillips, 1998; Sivan et al., 2006), although the 
rate and extent of intradiscal AGE accumulation is amplified with dia
betes (Tsai et al., 2014). 

Previous studies of soft tissues in the musculoskeletal system, such as 
articular cartilage, tendon, and the intervertebral disc, have probed the 
effects of AGEs on tissue mechanics using animal models of diabetes or in 
vitro crosslinking with ribose or methylglyoxal (MGO) (Reddy et al., 
2002; Verzijl et al., 2002; Reddy, 2004; Wagner et al., 2006; de Oliveira 
et al., 2011; Fox et al., 2011; Li et al., 2013; Jazini et al., 2012; Gautieri 
et al., 2017; Svensson et al., 2018). More recently, studies have also 
begun to investigate structural and functional effects of controlled in vivo 
AGE accumulation through animal models fed AGE-rich diets (Illien-
Jünger et al., 2015; Krishnamoorthy et al., 2018; Hoy et al., 2020). 
These studies reported noteworthy alterations to tissue structure and 
function across multiple length scales. The most widely reported alter
ations to connective tissue mechanics include increased tissue stiffness, 
failure strength, energetic toughness, and reduced viscoelasticity (Reddy 
et al., 2002; Verzijl et al., 2002; Reddy, 2004; Wagner et al., 2006; Li 
et al., 2013; Snedeker and Gautieri, 2014; Gautieri et al., 2017; Svensson 
et al., 2018). However, a few studies in diabetic animals have reported 
decreases in tissue stiffness (de Oliveira et al., 2011; Fox et al., 2011). 
Additional studies have also observed significant changes in 
disc-adjacent tissues, such as vertebral bodies and endplates, which are 
known to play an important role in load-distribution and nutrient 
transport (Viguet-Carrin et al., 2006; Fields et al., 2015; Illien-Jünger 
et al., 2015, 2016; Acevedo et al., 2018; Dolor et al., 2019; Zhou et al., 
2021). 

Despite these advances, the effects of AGEs on AF tensile failure 
mechanics have not yet been reported. Additionally, in vitro soak 
treatments applied in previous studies tend to cause tissue swelling, 
which is known to alter tissue mechanics and potentially confound 
mechanical testing results (Han et al., 2012; Bezci et al., 2015; Safa 
et al., 2017; Werbner et al., 2019; Werbner et al., 2021). Thus, the 
specific aim of this study was to quantify the relationship between 
physiological, glycation-induced biochemical changes and AF tensile 
failure mechanics while maintaining physiological tissue hydration 
levels. The broader aim of this study was to provide a more complete 
understanding of mechanisms that may help explain the increased 
propensity for disc degeneration and herniation with diabetes. Thus, the 
current study evaluated pre-failure, failure, and post-failure properties 
of normal and in vitro glycated bovine caudal AF tissue by comparing 

measured mechanics between control, moderate glycation, and high 
glycation groups, and by correlating biochemical composition, 
including AGE content, to mechanical properties at two distinct loading 
rates. Furthermore, human cadaver AF tissue from a cross-sectional 
population of donors of both sexes and a range of ages was assayed to 
provide a physiologically relevant range of AGEs in adult humans as a 
target for in vitro glycation. 

2. Methods 

Fresh bovine coccygeal spine sections were acquired from a local 
abattoir (n = 19, age 18–24 months). Bovine discs were used to inves
tigate AF mechanics due to their larger disc area and similarities in 
biochemical and mechanical properties to healthy human discs 
(O’Connell et al., 2007; Demers et al., 2004; Beckstein et al., 2008). 
Musculature was removed from the spine and discs were dissected from 
levels CC2-CC5. Rectangular specimens 2 mm thick and 5 mm wide were 
prepared from the middle-outer region of the anterior and posterior AF 
using a freezing stage microtome and oriented with the length along the 
circumferential direction and the width along the axial direction 
(Fig. 1A). Preliminary work ensured no differences in mechanics be
tween anterior and posterior bovine AF (n = 6/group, Student’s p > 0.3). 

A full-width, half-depth notch was created using a custom cutting jig 
that ensured 1 mm thickness at the midlength; the width of the notch 
area was then further reduced to 1.25 mm using another custom cutting 
jig (Fig. 1B). A similar notch geometry was previously developed and 
validated by our lab using a combined experimental and computational 
approach to ensure tissue failure properties were robustly and consis
tently measured (Werbner et al., 2017). Previous studies reported no 
significant differences in stiffness or strength between notched and 
intact fiber-reinforced soft-tissues, suggesting a limited effect of stress 
concentrations at the notch site (Taylor et al., 2012; Von Forell et al., 
2014). 

Preliminary work was conducted to determine the appropriate con
centration and soak temperature of the glycation solution to achieve two 
distinct, physiologically relevant levels of AGEs. The range of physio
logical AGE concentrations was determined by assaying the AGE content 
of unfixed human lumbar AF tissues obtained from 10 cadaveric spines 
(Table 1; mean age 58.4 ± 9.4 years; IRB exempt - Category 4). Briefly, 
36 AF specimens were dissected, lyophilized, digested in papain, hy
drolyzed in 6N HCl at 120 ◦C, neutralized, and assayed for total fluo
rescence using a quinine sulfate standard at excitation/emission 
wavelengths of 370 nm/440 nm to estimate total AGE content. 

Bovine AF samples in the control group (CTL, n = 26) were soaked 
for 18 h at 25 ◦C in 10 mL of a solution containing 5% phosphate- 
buffered saline (PBS) and 5%w/v polyethylene glycol (PEG) pH- 
balanced to 7.4. Previous studies found that this solution avoided 
excessive tissue swelling caused by traditional 0.9% PBS treatments as 
well as excessive solute deposition caused by hyperosmotic saline so
lutions (Safa et al., 2017; Werbner et al., 2019; Bezci et al., 2020; Bloom 
et al., 2021; Werbner et al., 2021). Based on the human data from our 
preliminary work, glycated specimens were soaked in 0.3 M methyl
glyoxal pH-balanced to 7.4 at either 25 ◦C or 50 ◦C for 18 h immediately 
prior to testing (GLY25 (n = 26) and GLY50 (n = 26), respectively). 
Previous work from our lab analyzed the thermal profile of bovine 
annulus fibrosus tissue using differential scanning calorimetry and did 
not observe any measurable deviations in the trace until 65–70 ◦C, 
consistent with previous studies of similar connective tissues (Domán 
and Illés, 2004; Bálint et al., 2009; Chae et al., 2009; Samouillan et al., 
2011). Thus, it was assumed that incubation at 50 ◦C did not affect the 
bulk tissue composition or mechanical response. 

Specimens were gripped for mechanical testing using custom-made, 
serrated screw-clamp grips. Specimens were tested in a custom-built 
water bath containing the previously mentioned PBS-PEG mixture to 
maintain tissue hydration during testing (total testing time up to 150 
min for low-rate testing). A monotonic 0.1 N preload was applied to 
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remove slack from the tissue. Cyclic preconditioning was not applied to 
avoid altering pre-testing tissue water content, which could affect 
treatment groups differently (Schmidt et al., 2016). Scale bar photo
graphs were taken to measure sample-specific length (9.90 ± 2.03 mm). 
Uniaxial tension was applied monotonically along the circumferential 
direction at either a low (0.1 mm/min, 0.017%/sec, ‘Lo’) or high (50 
mm/min, 8.33%/sec, ‘Hi’) loading rate until the specimen separated 
into two pieces with no load-bearing components between them 
(end-of-test load threshold = 0.2N). Physiological loading rates 

experienced by the AF are complex, varied, and difficult to determine, in 
part because they are mitigated by a myriad of muscle contractions 
(White III and Panjabi, 1990). The low and high loading rates used here 
were selected to be within a reasonable range of physiological loading 
conditions and to highlight potential rate-sensitive differences in me
chanics (Gregory and Callaghan, 2010; Werbner et al., 2019). 

Engineering strain was calculated as the measured change in test- 
machine crosshead displacement divided by the initial gauge length. 
Engineering stress was calculated as the measured force divided by the 
initial cross-sectional area at the midlength. The linear-region modulus 
was calculated using a custom, sequential linear-regression optimization 
to the stress-strain response to ensure exclusion of the toe- and yield- 
regions. Failure stress was defined as the maximum stress and failure 
strain as the corresponding strain. Strain energy density was determined 
through numerical integration of the engineering stress-strain response. 
The ‘failure energy ratio’ was defined as the strain energy density up to 
the point of failure divided by the total strain energy density (i.e., until 
the end-of-test load threshold was achieved). While Lagrangian or 
Eulerian strain descriptions might provide a more accurate character
ization of the strain energy density at large deformations, most tissue 
mechanics studies use the area under the engineering stress-strain curve 
due to experimental limitations in collecting accurate local deformation 
data around and beyond bulk failure (Reddy et al., 2002; Reddy, 2004; 
de Oliveira et al., 2011; Fox et al., 2011; Li et al., 2013; Gautieri et al., 
2017). Thus, the engineering stress-strain response was used in this 
study to facilitate comparison to previous literature. 

After mechanical testing, two small tissue samples adjacent to the 
notch site were removed with a scalpel and weighed before (wet weight, 
‘WW’) and after (dry weight, ‘DW’) lyophilization to determine water 
content (‘WC’, WC = (WW-DW)/WW). Dried specimens were hydro
lyzed in 6N HCl at 120 ◦C for 24 h, after which the HCl solution was 
allowed to evaporate completely under low heat (40 ◦C). Lysates were 
resuspended and assayed for hydroxyproline using the chloramine-T 
spectrophotometric method (Stegemann and Stalder, 1967). Collagen 
content (‘Col’) was calculated assuming a 1:7.5 OHP-to-collagen mass 
ratio and reported as a percentage of tissue dry weight (mgCol/mgDW) 
(Hollander et al., 1994). Lysates were also assayed for total fluorescence 
using a quinine sulfate standard at excitation/emission wavelengths of 
370 nm/440 nm. Total fluorescence was reported as equivalent nano
grams of quinine normalized by tissue dry weight (ngQ/mgDW) and 
equivalent micrograms of quinine normalized by tissue collagen content 
(ugQ/mgCol). 

Fig. 1. (A) Disc schematic showing circumferential-axial specimen orientation and loading direction. Inset shows reduced cross-sectional area at the midlength, 
which was notched to ensure repeatable failure. (B) Custom cutting jigs used to ensure that the tissue remaining at the notch site had repeatable dimensions of 1 ×
1.25 mm. 

Table 1 
Human tissue donor information and disc AGE contents.  

Donor 
Age 

Donor 
Sex 

Donor 
BMI 

Disc 
Level 

Disc 
Grade 

AGE Content (ngQ/ 
mgDW) 

38 Male 27 L4- 
L5 

III 422.23    

L5- 
S1 

III 437.62 

52 Male 25 L3- 
L4 

III 452.96 

55 Male 26 L3- 
L4 

II 416.57    

L4- 
L5 

II 459.40 

56 Male 23 L3- 
L4 

II 432.65 

57 Male 29 L4- 
L5 

IV 647.32 

64 Male 16 L3- 
L4 

III 503.87 

60 Female 31 L3- 
L4 

III 507.26    

L4- 
L5 

III 598.57 

63 Female 25 L2- 
L3 

IV 410.83    

L4- 
L5 

IV 416.41 

66 Female 22 L3- 
L4 

III 562.58    

L4- 
L5 

III 551.23 

73 Female 24 L3- 
L4 

III 506.65    

L4- 
L5 

III 629.29  

B. Werbner et al.                                                                                                                                                                                                                                



Journal of the Mechanical Behavior of Biomedical Materials 126 (2022) 104992

4

All values are reported as mean ± standard deviation. A two-way 
ANOVA on means was performed for all mechanical and biochemical 
properties (factors = treatment and loading rate); significance for the 
ANOVA was assumed at p < 0.05. A Tukey HSD post-hoc analysis for 
multiple pairwise comparisons was performed where significance was 
found. Significance was assumed at p < 0.05 for the post-hoc analysis. 
Bivariate linear correlations were established between each pair of 
biochemical and mechanical properties. Correlation strength was 
determined based on the correlation coefficient R (weak: |R| < 0.5, 
moderate: 0.50–0.69, strong: ≥ 0.70). 

3. Results 

All samples exhibited a nonlinear stress-strain response prior to 
failure and a clear maximum stress corresponding to the initiation of 
bulk failure (Fig. 2). Mechanical testing data was only included for 
samples that clearly failed at the midlength (n = 78/84 i.e., 93%). 

3.1. Effects of loading rate 

For the low-rate control group, the mean linear-region modulus was 
27.47 ± 6.60 MPa, failure stress was 11.19 ± 2.36 MPa, failure strain 
was 0.54 ± 0.07 mm/mm, and failure energy ratio was 0.64 ± 0.10. For 
the high-rate control group, the mean linear-region modulus was 38.35 
± 12.42 MPa, failure stress was 14.12 ± 3.66 MPa, failure strain was 
0.49 ± 0.09 mm/mm, and failure energy ratio was 0.67 ± 0.10. Modulus 
and failure stress increased at the higher loading rate across treatment 
groups (ANOVA p < 0.0002; Fig. 3A–B, light vs dark). In particular, 
modulus increased 40–44% (HSD p < 0.0001) and failure stress 
increased 18–28% (HSD p = 0.0002) while failure strain decreased 
9–16% at the higher loading rate (ANOVA p = 0.001, HSD p = 0.001; 
Fig. 3A–C). Failure energy ratio was not different between loading rates 
(ANOVA p = 0.84; Fig. 3D). 

As only methylglyoxal treatment, and not loading rate, was hy
pothesized to alter tissue composition, biochemical measurements 
within treatment groups were pooled between loading rates. The rate- 
pooled mean water content for the CTL group was 75 ± 3%/WW, 
collagen content was 70 ± 4%/DW, and AGE content was 175 ± 36 
ngQ/mgDW and 250 ± 54 ugQ/mgCol (Fig. 4). 

3.2. Effects of glycation 

In vitro glycation had significant effects on pre-failure, failure, and 
post-failure mechanical properties (Fig. 3). Increasing extent of glyca
tion was associated with higher modulus and failure stress values at both 

loading rates (ANOVA p < 0.0001; Fig. 3A–B, blue vs orange vs red). In 
particular, glycation increased mean tensile modulus versus control by 
48–94% at the low rate and 53–99% at the high rate (HSD p < 0.0001). 
Glycation increased failure stress by 45–104% at the low rate and 
48–91% at the high rate (HSD p < 0.0001). Glycation decreased failure 
strain by 10% at the low rate and 17% at the high rate (ANOVA p = 0.02, 
HSD p = 0.02). Glycation decreased the failure energy ratio by 15–21% 
at the low rate and 15–35% at the high rate (ANOVA p < 0.0001; HSD p 
< 0.006). 

Biochemical measurements are summarized in Fig. 4. AGE content 
normalized by dry weight increased 83% and AGE content normalized 
by collagen content increased 73% in the GLY25 group (ANOVA p <

0.0001, HSD p < 0.0001). AGE content normalized by dry weight 
increased 236% and AGE content normalized by collagen content 
increased 222% in the GLY50 group (ANOVA p < 0.0001, HSD p <

0.0001). Water content increased 4% in the GLY50 group versus control 
(ANOVA p = 0.0008, HSD p = 0.005). 

AGE contents for the human AF specimens were normally distributed 
(Shapiro-Wilk p = 0.125) with a mean of 498 ± 94 ngQ/mgDW; donor- 
specific values are presented in Table 1. 

3.3. Correlations between AGE content and mechanics 

AGE content was strongly positively correlated with modulus (R =
0.74, p < 0.0001) and failure stress (R = 0.70, p < 0.0001) (Fig. 5A–B). 
AGE content was moderately negatively correlated with failure energy 
ratio (R = −0.62, p < 0.0001) (Fig. 5C). Linear-region modulus was 
strongly positively correlated with failure stress (R = 0.85, p < 0.0001) 
(Fig. 5D). 

4. Discussion 

The specific aim of this study was to determine the relationship be
tween AF advanced glycation end-product content and tissue-level 
tensile mechanics at two distinct loading rates. In vitro glycation treat
ments were designed to minimize changes in water content and induce 
two distinct levels of AGEs based on measurements from human cadaver 
AF tissues (donor age range: 38–73 years). Changes in AF mechanics 
between glycation groups were reported, as well as correlations between 
tissue AGE content and mechanics. 

In vitro glycation increased linear-region modulus and failure stress 
at both loading rates (Fig. 3A–B). The increases in mechanical properties 
were more pronounced at the higher loading rate, which may be 
attributed to the solid-tissue component having a greater contribution to 
mechanics at higher loading rates. Increases in modulus and failure 
stress with glycation are consistent with previous studies that investi
gated the effects of AGEs on collagenous connective tissue mechanics 
(Reddy et al., 2002; Verzijl et al., 2002; Reddy, 2004; Wagner et al., 
2006; Li et al., 2013; Snedeker and Gautieri, 2014; Gautieri et al., 2017; 
Svensson et al., 2018). Moreover, increases in modulus and failure stress 
and decreases in failure strain at the higher loading rate are consistent 
with first principles of fiber-reinforced triphasic tissues and previous 
observations of the AF (Gregory and Callaghan, 2010; Werbner et al., 
2019). In synthetic materials, an increase in modulus and failure stress 
generally increases embrittlement. However, despite a concurrent 
decrease in failure strain, we observed an increase in post-failure energy 
absorption capacity with glycation (Fig. 3D). This shift in energy ab
sorption may be attributable to non-enzymatic crosslinks between 
collagen molecules remaining intact after the initiation of bulk failure 
(Svensson et al., 2013). 

In addition to significant group dependent differences in mechanics, 
we found moderate to strong linear correlations between biochemical 
and mechanical properties. Specifically, AGE contents were moderately 
to strongly correlated with tissue mechanics. Additionally, we observed 
a strong linear correlation between linear-region modulus and failure 
stress. While previously unpublished for the AF, this has been a 

Fig. 2. Representative stress-strain curves for control (CTL) and glycated 
(GLY25 and GLY50) specimens at the low and high loading rates. 
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consistent finding in our work and has significant implications for un
derstanding tissue failure mechanisms. In particular, it may suggest that 
the rate-dependent mechanical response of connective tissues serves a 
protective role against failure: failure stress increases proportionately 
with tissue stiffness, which both increase at higher loading rates asso
ciated with potentially traumatic impacts. 

While AGE accumulation is known to occur with aging, diabetes, 
chronic kidney disease (Allen et al., 2015), and AGE-rich diets, there are 
conflicting reports regarding the impact of in vivo versus in vitro AGE 
accumulation on soft tissue mechanics. For example, two studies found 
that tendon stiffness decreased in rats with diabetes induced in vivo (de 
Oliveira et al., 2011; Fox et al., 2011), in contrast to most in vitro studies 
that observed increases in stiffness with AGE accumulation (Reddy et al., 
2002; Verzijl et al., 2002; Reddy, 2004; Wagner et al., 2006; Li et al., 
2013; Snedeker and Gautieri, 2014; Gautieri et al., 2017; Svensson et al., 
2018). One limitation of in vitro models is that exogenous AGE formation 
is uncoupled from normal tissue remodeling and adaptation, which may 
include processes that mitigate the effects of AGE formation (Fields 
et al., 2015; Illien-Jünger et al., 2016; Dolor et al., 2019). Additionally, it 
is possible that the specific AGE profile generated from incubation in 
methylglyoxal differs from that generated from glucose in vivo, which 
may contribute to the discrepancy between in vivo and in vitro alterations 
in mechanics with glycation. 

While there is a clear clinical predisposition to soft-tissue injury in 
diabetics, it remains unclear how the changes reported here and else
where, namely increased stiffness, strength, and post-failure energy 
absorption capacity, might predispose diabetic discs to herniation. 
Despite similar observed alterations in mechanics with glycation, pre
vious investigators have not been able to explain the apparent paradox 
between increased stiffness and strength without brittleness in lab- 
tested tissue and the clinical predisposition of diabetics to connective 
tissue injury. This may be due to increased stresses experienced by 

diabetic patients, altered disc loading conditions, or stress redistribu
tion. It is also possible that the glycated tissue response is anisotropic, 
with decreases in failure properties in the radial or axial directions 
(Guerin and Elliott, 2007; O’Connell et al., 2009; Isaacs et al., 2014; 
Tavakoli et al., 2018; Werbner et al., 2017; Andriotis et al., 2019). 

Collagen contents were in the range of previous bovine AF data 
across treatment groups (Bezci et al., 2019). 18 h in 0.3M methylglyoxal 
at 25 ◦C and 50 ◦C were found to be sufficient for inducing distinct levels 
of AGEs that were comparable to the human AF tissues measured in this 
study. The AGE content of the bovine control in this study is likely lower 
than adult human AGE levels, highlighting the benefit of animal models 
to provide a wider range of biochemical parameters. Normalizing total 
fluorescence measurements by tissue dry weight helped promote a clear 
comparison between species with different amounts of collagen and 
proteoglycans (Showalter et al., 2012; Bezci et al., 2019). Tissue water 
contents remained near or just above values reported for fresh tissue, 
which is a significant improvement from previous studies using 0.15 M 
saline (Isaacs et al., 2014; Bezci et al., 2019; Werbner et al., 2019; Bezci 
et al., 2020). Our recent work determined the composition and con
centration of buffer needed to minimize AF tissue swelling and solute 
deposition during the treatment process (i.e., 18-h soak period) (Werb
ner et al., 2021). This approach was largely successful in maintaining 
fresh tissue hydration levels, as the mean water content across all groups 
in this study was 76 ± 4%, which was only slightly higher than values for 
fresh bovine tissue reported by Bezci et al., (2019) (74 ± 5%). The 
slightly elevated water content in the MGO50 group (4% higher than 
control) is likely due to greater fluid diffusion into tissue at 50 ◦C and not 
due to non-enzymatic crosslinking, as Jazini et al. (2012) noted a 
decrease in AF water content with increasing glycation. 

Preserving fresh-tissue hydration conditions makes comparisons to 
previous studies more complicated, as they have largely used 0.15 M 
PBS as a buffer solution during testing. Previous studies showed that 

Fig. 3. (A) Linear-region modulus, (B) failure stress, (C) failure strain, and (D) failure energy ratio at each glycation level and loading rate (mean ± standard de
viation ± range, n = 13 per group). Statistics highlight the effect of glycation (* indicates p < 0.01 vs CTL and x indicates p < 0.01 vs GLY25) and loading rate 
(+indicates p < 0.05 vs Lo). 
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Fig. 4. (A) Water content, (B) collagen content, and (C–D) AGE content at each glycation level and loading rate (mean ± standard deviation ± range, n = 13 per 
group). Fresh AF water content level (mean ± standard deviation) from Bezci et al. (2019) shown for reference in (A). Range of human AF AGE levels measured in the 
current study shown for reference in (C). * indicates p < 0.05 vs CTL and x indicates p < 0.05 vs GLY25. 

Fig. 5. (A–C) Bivariate linear correlations between AGE content and measured mechanics. (D) Bivariate linear correlation between linear-region modulus and failure 
stress. Colors indicate rate-pooled glycation treatment groups. 
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prolonged exposure of tissue samples to 0.15 M PBS significantly in
creases water content (Galante, 1967; Acaroglu et al., 1995; Ebara et al., 
1996; Werbner et al., 2019; Bezci et al., 2020) and may lower modulus 
by over 80% (Han et al., 2012; Werbner et al., 2019; Werbner et al., 
2021). This in part explains why the modulus values reported here are 
significantly higher than many values reported for tissue-level AF 
specimens in the literature (Acaroglu et al., 1995; Ebara et al., 1996; Han 
et al., 2012; Werbner et al., 2019). Additionally, the notch geometry 
employed in this study reduced specimen cross-sectional area beyond 
those typically applied, which may also have resulted in higher apparent 
modulus values (Adams and Green 1993; Werbner et al., 2017). An 
additional limitation of this study is that only circumferential-axially 
oriented specimens were tested to maximize the contribution of 
collagen fibers (the constituent targeted by the applied disease-model) 
to the mechanical response. 

This study sought to determine the relationship between AF 
advanced glycation end-product content and pre-failure, failure, and 
post-failure tensile mechanics at the tissue-level at two distinct loading 
rates. This was accomplished using an in vitro glycation treatment that 
induced two distinct, physiological AGE levels while maintaining hy
dration levels comparable to fresh tissue. We observed an increase in 
modulus, strength, and post-failure energy absorption capacity with 
increasing levels of glycation at both loading rates. AGE contents from a 
cross-sectional population of human cadaver discs were also presented. 
Results from this study may be used in development of advanced 
computational models that aim to study disc disease progression and to 
provide a deeper understanding of altered structure-function relation
ships that may lead to tissue dysfunction and failure (Zhou et al., 2019). 
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