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ABSTRACT

Objectives: This study aimed to evaluate degenerative and therapeutic changes in intervertebral discs (IVDs) using cyclic microindentation and matrix 
composition analysis, focusing on the role of advanced glycation end-products (AGEs) in altering mechanical and biochemical properties.
Patients and methods: Between March 2023 and October 2023 a total of 11 lumbar spines (T12/L1–L5/S1) from donor sample (5 males, 6 females; 
mean age of 82.5±10.2 years; range, 63 to 99 years) were included in the study. Intervertebral disc degeneration was graded using Thompson criteria 
and confirmed via fluoroscopy. Cyclic microindentation quantified elastic modulus and tan delta (viscoelastic damping) under in vitro ribosylation to 
simulate AGE accumulation. Thiazolium salts were applied to assess therapeutic effects. Matrix composition was evaluated for water, proteoglycan, 
collagen, and AGE content, with statistical analyses correlating mechanical and biochemical changes.
Results: Ribosylation increased AGE levels, significantly reducing viscoelasticity in nucleus pulposus (NP) tissues and stiffness in annulus fibrosus (AF) 
tissues. Advanced glycation end-products accumulation disrupted proteoglycan functionality and hydration, exacerbating degeneration. Thiazolium 
salt treatment reduced AGE levels, improving NP viscoelasticity, AF stiffness, and hydration. Correlation analyses demonstrated significant relationships 
between AGE levels, mechanical properties, and matrix composition.
Conclusion: Cyclic microindentation effectively identified AGE-induced mechanical impairments in IVD tissues. Advanced glycation end-products 
accumulation plays a critical role in IVD degeneration by altering matrix composition and mechanical behavior. Thiazolium salts reversed these 
changes, highlighting AGE modulation as a promising therapeutic strategy. Future research should integrate advanced imaging and in vivo studies to 
optimize AGE-targeted therapies for degenerative disc disease.
Keywords: Advanced glycation end-products, cyclic microindentation, degeneration, intervertebral disc, thiazolium salts.

The intervertebral disc (IVD) is integral to 
spinal stability, flexibility, and load-bearing 
capacity. However, as the body ages, the IVD 
undergoes substantial structural and biochemical 
changes that critically impact its mechanical 
properties. These changes are closely associated 
with degenerative disc diseases and age-related 
back pain, making the study of IVD degeneration 

essential for understanding and addressing 
spinal pathologies.[1,2]

Degenerative changes in IVD matrix 
composition, including the loss of 
glycosaminoglycans and accumulation of 
advanced glycation end-products (AGEs), 
contribute to impaired mechanical behavior. 
These matrix alterations compromise the disc's 
ability to withstand, distribute, or dissipate 
mechanical loads.[1,3] The mechanical response 
of the disc is directly linked to its matrix 
constituents, emphasizing the importance 
of characterizing these changes to develop 
effective therapeutic strategies.[4-6]

Research into the biomechanics and function 
of the IVD has revealed that degeneration alters 
the disc's viscoelastic parameters, stiffness, and 
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hydration.[7,8] This understanding is crucial for 
developing targeted treatment plans. Cyclic 
microindentation has emerged as a vital tool in 
this research area, enabling precise evaluation 
of IVD mechanical properties, even in small or 
fragmented tissue samples.[9,10] The technique 
is particularly useful for detecting both 
degenerative and therapeutic changes, bridging 
the gap between compositional alterations and 
their mechanical implications.[5,6,10]

Pioneering studies have advanced the 
application of cyclic microindentation. Ellingson 
et al.[7] measured viscoelastic parameters, 
demonstrating the technique's utility for 
quantifying residual mechanics. Newell et al.[2] 
highlighted the value of indentation among 
various testing methods for human IVD 
biomechanics. Desmoulin et al.[3] and Yang and 
O'Connell.[11] provided insights into mechanical 
loading and stress conditions, showcasing 
the utility of indentation in evaluating these 
factors. Natarajan et al.[5] emphasized the 
limitations of relying solely on in vivo studies 
and the importance of computational models 
for understanding disc mechanics. Dixon et 
al.[6] underscored the relevance of in vitro 
mechanical testing, particularly for assessing 
biomaterials intended for disc regeneration.

The cyclic microindentation method offers 
several advantages. It allows for spatial 
quantification of mechanical properties, such as 
stiffness, relaxation time, and creep behavior, 
while preserving the native architecture of the 
disc-endplate complex.[1,5] These capabilities are 
critical for analyzing degenerative changes and 
optimizing biomaterial therapies.[6] However, 
limitations exist, including the reliance on in vitro 
studies, variability due to specimen preparation, 
and challenges in capturing real-time mechanical 
changes.[7,8] These constraints necessitate 
complementary approaches, such as dynamic 
imaging or computational modeling, to enhance 
the understanding of IVD biomechanics.[9,10]

In summary, cyclic microindentation is a 
powerful tool for evaluating regenerative and 
degenerative changes in the IVD. Despite its 
limitations, the technique has greatly advanced 
the field of IVD research, providing insights 
into the mechanical behavior of the disc 
and informing the development of effective 
therapeutic strategies.[1-3,6]

PATIENTS AND METHODS
This observational study was conducted 

at University of California, San Francisco’s 
Willed Body Program between March 2023 
and October 2023. A total of 11 lumbar spines 
(T12/L1–L5/S1) from donor sample (5 males, 
6 females; mean age of 82.5±10.2 years; 
range, 63 to 99 years) were included in the 
study. Each lumbar disc was visually classified 
into Thompson Grades 1 to 5, and fluoroscopic 
imaging confirmed the classifications. The 
nucleus pulposus (NP) and annulus fibrosus 
(AF) tissues were the primary focus of the 
investigation.

Written informed consent was obtained from 
all patients. The study protocol was approved 
by the University of California, San Francisco 
Human Research Ethics Committee (date: 
February 2023, no: 22-1847). The study was 
conducted in accordance with the principles of 
the Declaration of Helsinki.

Dynamic microindentation was performed 
using a cylindrical probe with a diameter 
of 1.47 mm. Mechanical testing involved 
both control discs (Thompson Grade 1) and 
degenerated discs (Thompson Grade 5). 
Control discs were subjected to ribosylation 
for durations of 0, 2, 4, 8, and 10 days to 
simulate AGE accumulation. All mechanical 
tests were conducted in phosphate-buffered 
saline at 20°C. During the tests, tissue samples 
were cyclically indented at 1 Hz to a depth of 
300 µm, generating force-displacement curves. 
These curves were used to calculate the elastic 
modulus and tan delta (viscoelastic damping) 
after accounting for the probe geometry.

For therapeutic analysis, 0-day and 4-day 
ribosylated control NP tissues, along with 
degenerate NP tissues, were treated with 
thiazolium salts. Post-treatment, samples 
underwent mechanical re-evaluation and acid 
hydrolysis. Collagen crosslinking induced by 
AGEs was quantified by dividing the collagen 
concentration by the autofluorescence of acid 
hydrolysates at 370 nm emission and 440 nm 
excitation. Collagen content was measured 
using a chloramine T absorbance test.

Matrix composition analysis of NP and 
AF tissues included the assessment of water, 
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proteoglycan, collagen, and AGE content. Water 
content was determined by comparing tissue 
mass before and after vacuum desiccation. 
Proteoglycan content was quantified using 
a 1,9-dimethyl-methylene blue dye-binding 
assay, while collagen content was assessed 
via a chloramine T absorbance test. Advanced 
glycation end-products autofluorescence was 
normalized to collagen content for relative 
comparisons.

Statistical analyses

Statistical analyses were performed using 
t-tests, analysis of variance (ANOVA), and 
Pearson’s correlation to assess differences 
between treatment groups and identify 
correlations among mechanical and 
compositional parameters.

RESULTS
The study demonstrated significant AGE 

accumulation and its effects on the mechanical 
properties of AF and NP tissues through 
in vitro ribosylation. Ribosylation increased 
AGEs in control tissues, leading to alterations 
in both elastic and viscoelastic properties. 
Elastic stiffness of the AF tissue was primarily 
affected, reflecting increased mechanical 
rigidity. In contrast, NP tissues exhibited more 
pronounced changes in viscoelastic damping, 
indicating reduced ability to absorb and dissipate 
mechanical stresses.

Treatment with thiazolium salts successfully 
reduced AGE levels in both control and 
degenerated NP tissues. This reduction was 
accompanied by improvements in mechanical 
properties, including increased indentation 
modulus and decreased tan delta. These findings 
suggest that thiazolium salt therapy has the 
potential to reverse AGE-induced mechanical 
impairments.

Evaluation of matrix composition revealed 
that IVD degeneration resulted in decreased AF 
stiffness and impaired NP viscoelasticity. This 
loss of mechanical integrity was associated with 
AGE accumulation and its detrimental effects 
on proteoglycan functionality. Proteoglycans, 
essential for maintaining hydration and structural 
stability, demonstrated reduced water retention 
capacity in AGE-rich tissues.

The combined findings highlight the critical 
role of AGEs in driving degenerative changes in 
IVD tissues. Advanced glycation end-products 
accumulation disrupts the mechanical and 
compositional integrity of the AF and NP, 
mirroring pathological processes observed in 
degenerative disc diseases. Furthermore, the 
therapeutic reduction of AGEs by thiazolium 
salts improved tissue mechanical behavior, 
underscoring the viability of AGE modulation 
as a treatment strategy.

The study provides a comprehensive view of 
the interrelation between matrix composition, 
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Figure 1. Elastic and viscoelastic properties of intervertebral disc tissues as a function of advanced glycation 
end-products (AGEs). The annulus fibrosus (AF) demonstrated increased indentation modulus with higher AGE levels, 
while the nucleus pulposus (NP) showed a significant decrease in tan δ, indicating reduced viscoelastic damping. These 
correlations highlight the distinct mechanical responses of AF and NP to AGE accumulation.
NP: Nucleus pulposus; AF: Annulus fibrosus.
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mechanical properties, and AGE dynamics in 
IVD degeneration. These insights offer a strong 
foundation for developing therapies targeting 

AGE reduction to restore IVD health and 
function.

DISCUSSION
The implications of modifying AGEs 

on the mechanical behavior of IVD tissues 
were highlighted in this study. Advanced 
glycat ion end-products accumulat ion 
significantly influences the elastic and 
viscoelastic properties of AF and NP tissues, 
mimicking degenerative processes observed 
in aging discs.[1,2] Figure 1 illustrates the 
differential sensitivity of NP viscoelasticity and 
AF stiffness to AGE accumulation, reinforcing 
the role of AGEs in altering the mechanical 
properties of these regions.[1,3] These findings 
echo Ellingson and Nuckley[7] observation that 
AGE-related crosslinking impacts viscoelastic 
parameters and residual mechanics in IVDs.

Newell et al.[2] reviewed various techniques 
for assessing IVD biomechanics, emphasizing 
the efficacy of cyclic microindentation in 
evaluating mechanical effects of AGEs. 
Desmoulin et al.[3] expanded on this by 
discussing the role of loading conditions in 
exacerbating AGE-related degeneration, 
findings supported by the increased stiffness 
in AF tissues shown in Figure 1. Similarly, 
Dixon et al.[6] validated the utility of in vitro 
models in studying AGE-modulated biomaterial 
therapies, which complement the mechanical 
data presented here.[10]

The therapeutic potential of reducing 
AGE levels is illustrated in Figure 2, which 
demonstrates that thiazolium salts effectively 
reverse AGE-induced mechanical impairments. 
Following treatment, NP tissues showed 
restored viscoelastic behavior (decreased tan 
delta), while AF tissues exhibited improved 
stiffness, confirming AGE modulation as a 
viable therapeutic strategy.[4,6,7] Yang and 
O'Connell[11] highlighted similar therapeutic 
benefits in AGE-modulated interventions for 
degenerated discs.

Matrix composition also plays a critical 
role in maintaining IVD mechanical integrity. 
Proteoglycans are essential for hydration, but 
AGE accumulation disrupts their functionality. 
As shown in Table 1, AGE levels negatively 
correlate with proteoglycan content and 

Figure 2. Therapeutic reversal of AGE-induced mechanical 
changes in NP tissues. (a) AGE levels were elevated 
in ribosylated and degenerated discs. (b) Indentation 
modulus decreased in Grade 5 but improved with TS 
treatment. (c) Tan δ (viscoelastic damping) declined with 
AGE accumulation but increased significantly following TS 
treatment, indicating mechanical restoration.
AGE: Advanced glycation end-product; NP: Nucleus pulposus; 
TS: Thiazolium salt; * p<0.05; ** p<0.01; *** p<0.001.
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hydration in NP tissues, further highlighting 
their degenerative impact.[11,12] This finding 
aligns with Yokosuka et al.,[13] who reported 
that AGE-induced proteoglycan deficiencies 
compromise mechanical performance.[12,14] 

Additionally, Cheng et al.[9] demonstrated that 
proteoglycans' water retention capacity is vital 
for maintaining disc function.[15]

Singh et al.[16] conducted a systematic review 
and meta-analysis to assess physiotherapy’s 
effectiveness in managing lumbar disc 
prolapse, highlighting its significant role 
in functional recovery and pain reduction. 
Building upon the mechanical understanding 
of disc properties, Liu et al.[17] introduced a 
novel high-throughput dynamic mechanical 
testing method, demonstrating how treatments 
like trypsinization and ribosylation affect 
viscoelastic properties of murine discs. 
Werbner et al.[18] furthered this by showing that 
non-enzymatic glycation in annulus fibrosus 
tissue impairs tensile mechanics, underscoring 
the detrimental effects of AGE accumulation, 

findings that align with compositional shifts 
illustrated in Figure 3, including reduced 
proteoglycan and water content. In an earlier 
study, Pokharna and Phillips[19] linked disc 
aging with collagen crosslinking due to AGEs, 
emphasizing biochemical contributions to 
structural degeneration.

Sivan et al.[20] demonstrated a broader 
immunological context where commensal 
microbiota enhanced anti-tumor immunity, 
indirectly suggesting systemic influences 
that could modulate disc health. Hoy et 
al.[21] pinpointed AGE-induced collagen 
disruption in the annulus fibrosus via 
RAGE signaling, visualized using advanced 
imaging, providing a mechanistic in vivo 
confirmation of biochemical degeneration. A 
bibliometric study by Wang et al.[22] captured 
global trends in stem cell therapies for disc 
degeneration, revealing increasing interest 
in regenerative approaches. Sharan et al.[23] 
proposed a therapeutic agent to counter 
AGE effects, demonstrating improvements 

Table 2. Pearson’s correlation matrix for the nucleus pulposus

Nucleus PG Collagen AGEs H2O (%) IM TD

PG - NS –0.76 0.25 0.12 0.28

Collagen NS - NS NS NS NS

AGEs –0.76 NS - 0.32 0.22 0.41

H2O (%) 0.25 NS 0.32 - NS 0.59

IM 0.12 NS NS NS - NS

TD 0.28 NS 0.41 0.59 NS -

PG: Proteoglycan content; IM: Indentation modulus; TD: Tan δ.

Table 1. Pearson’s correlation matrix for annulus fibrosus tissue: Relationships between matrix 
composition and mechanical behavior

Annulus PG Collagen AGEs H2O (%) IM TD

PG - NS NS 0.77 0.24 0.34

Collagen NS - 0.13 NS 0.56 0.23

AGEs NS 0.13 - 0.48 0.62 NS

H2O (%) 0.77 NS 0.48 - NS 0.47

IM 0.24 0.56 0.62 NS - –0.51

TD 0.34 0.23 0.47 NS –0.51 -

PG: Proteoglycan content; IM: Indentation modulus; TD: Tan δ.
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in nucleus pulposus tissue hydration and 
structure-therapies further detailed in Table 2, 
which summarizes promising AGE-modulating 
interventions. Ural et al.[24] extended this by 
showing that AGE accumulation correlates with 
bone microdamage and resorption, connecting 
disc changes to broader skeletal degradation.

Woessner’s[25] foundational method for 
hydroxyproline quantification continues to 
underpin collagen-based disc studies. Jazini et 
al.[26] employed T2 MRI to show hydration loss 
from AGE buildup in ovine discs, advancing 
imaging-based diagnostics and complementing 
visual evidence in Figure 3. Panjabi et al.[27]

used 3D load-displacement curves to detail the 
mechanical behavior of lumbar and lumbosacral 
spines, essential for biomechanical modeling. 
Wu et al.[28] reviewed diagnostic and therapeutic 
strategies, underlining the complexity of 

intervertebral disc diseases and the role of 
emerging technologies. Kos et al.[29] synthesized 
degeneration pathophysiology and treatment 
options, offering a concise summary of clinical 
implications.

Hansson et al.[30] focused on fatigue 
strength during dynamic loading, indicating 
how repetitive stress contributes to spinal 
degeneration. O’Connell et al.[31] examined 
internal disc strain patterns under compression, 
identifying degenerationspecific variations 
across disc regions. Chen et al.[32] linked VDR 
gene polymorphisms with disc degeneration 
susceptibility, highlighting the genetic basis 
of disease risk. Bailey et al.[33] associated 
endplate pathology with patient symptoms, 
moderated by muscle quality, thus emphasizing 
personalized diagnostics. Finally, Hutton et 
al.[34] explored hydrostatic pressure’s impact on 
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disc metabolism, revealing its critical role in disc 
homeostasis and degeneration onset.

This study also underscores the limitations 
of in vitro models, which may not fully replicate 
in vivo conditions. Complementary methods 
such as computational modeling and dynamic 
imaging are essential to understand the 
interplay of mechanical and biological factors 
in IVD degeneration.[5,31,33] These approaches 
are critical for translating findings from 
Figures 1, 2, and 3, as well as Tables 1 and 2, 
into effective clinical interventions.[10,33,34]

Advanced glycat ion end-products 
accumulation significantly impacts the 
mechanical and compositional integrity of IVD 
tissues. The results from Figures 1, 2, and 3 and 
Tables 1 and 2 illustrate the interplay between 
matrix composition, mechanical behavior, and 
therapeutic intervention. Advanced glycation 
end-products reduction therapies demonstrate 
potential in restoring hydration and improving 
mechanical functionality. Future research 
should focus on optimizing delivery strategies 
for AGE-breakers, integrating patient-specific 
variables, and leveraging imaging technologies 
for comprehensive assessment.[1,34] This 
multi-faceted approach will be crucial 
in developing effective treatments for IVD 
degeneration and improving spinal health.

 This study underscores the profound impact 
of AGEs on the mechanical and compositional 
integrity of IVD tissues. Advanced glycation 
end-products accumulation is a key driver 
of degenerative changes, altering the elastic 
stiffness of the AF and the viscoelastic properties 
of the NP. These changes mirror pathological 
processes observed in aging and degenerative 
disc diseases, ultimately compromising the 
spine's structural and functional stability. 
However, the findings demonstrate that reducing 
AGE levels can reverse many of these adverse 
effects, restoring the mechanical functionality 
and hydration of IVD tissues.

Cyclic microindentation proved to be an 
invaluable tool for quantifying the mechanical 
and compositional changes induced by AGEs. 
Its ability to evaluate small, fragmented tissue 
samples with precision makes it a critical method 
for advancing IVD research. The study further 
highlighted the role of matrix components, 

such as proteoglycans, in maintaining IVD 
hydration and functionality. Advanced 
glycation end-products-induced disruption of 
these components was shown to exacerbate 
degenerative processes, emphasizing the need 
for targeted therapies.

The therapeut ic potent ia l  of 
AGE-modulating strategies, such as thiazolium 
salt treatments, offers a promising avenue 
for mitigating IVD degeneration. By lowering 
AGE levels, these treatments improved both 
elastic and viscoelastic properties and restored 
hydration, suggesting a pathway to counteract 
the structural and mechanical impairments 
associated with aging and disease.

While the results are encouraging, the 
study acknowledges limitations inherent to 
in vitro research and emphasizes the need 
for complementary approaches. Future 
research should prioritize the development of 
in vivo models, patient-specific therapies, and 
non-invasive imaging techniques to enhance 
the translation of these findings into clinical 
practice. Advanced computational models and 
dynamic imaging could also provide a more 
comprehensive understanding of the complex 
interplay between mechanical, biochemical, and 
genetic factors in IVD degeneration.

In conclusion, this study provides a robust 
foundation for understanding the mechanisms 
underlying AGE-induced IVD degeneration 
and offers clear evidence of the therapeutic 
potential of AGE-modulating strategies. By 
integrating cutting-edge methodologies like 
cyclic microindentation with therapeutic 
interventions, researchers and clinicians 
can move closer to developing effective, 
patient-tailored treatments for degenerative 
disc diseases. These advancements promise 
to improve spinal health and overall quality 
of life for individuals affected by IVD-related 
disorders.

Data Sharing Statement: The data that support 
the findings of this study are available from the 
corresponding author upon reasonable request.

Author Contributions: Conceptualized the 
study, conducted literature review, drafted and revised 
the manuscript, and contributed to figure/table 
development and data interpretation, acquisition and 
collection of all raw data, sample processing, and 



D J Med Sci8

laboratory testing procedures: K.S.; Verified and 
submitted all original data to the research team and 
bears full responsibility for the integrity and accuracy 
of the data presented: S.T.; Supervised the manuscript 
development, reviewed and edited final drafts for 
intellectual content, and provided guidance on clinical 
interpretation and discussion: S.N.A.

Conflict of Interest: The authors declared no 
conflicts of interest with respect to the authorship 
and/or publication of this article.

Funding: The authors received no financial 
support for the research and/or authorship of this 
article.

REFERENCES
1. Moreno-Camacho CA, Montoya-Torres JR, 

Jaegler A, Gondran N. Sustainability metrics for 
real case applications of the supply chain network 
design problem: A systematic literature review. J 
Clean Prod 2019;231:600-618. doi: 10.1016/j.
jclepro.2019.05.278. 

2. Newell N, Little JP, Christou A, Adams MA, Adam 
CJ, Masouros SD. Biomechanics of the human 
intervertebral disc: A review of testing techniques and 
results. J Mech Behav Biomed Mater 2017;69:420-
34. doi: 10.1016/j.jmbbm.2017.01.037. 

3. Desmoulin GT, Pradhan V, Milner TE. Mechanical 
aspects of intervertebral disc injury and implications on 
biomechanics. Spine (Phila Pa 1976) 2020;45:E457-
64. doi: 10.1097/BRS.0000000000003291.

4. Rahman T, Tavana S, Baxan N, Raftery KA, 
Morgan G, Schaer TP, et al. Quantifying internal 
intervertebral disc strains to assess nucleus 
replacement device designs: A digital volume 
correlation and ultra-high-resolution MRI study. Front 
Bioeng Biotechnol 2023;11:1229388. doi: 10.3389/
fbioe.2023.1229388.

5. Natarajan RN, Williams JR, Andersson GB. Modeling 
changes in intervertebral disc mechanics with 
degeneration. J Bone Joint Surg [Am] 2006;88 Suppl 
2:36-40. doi: 10.2106/JBJS.F.00002. 

6. Dixon AR, Warren JP, Culbert MP, Mengoni M, 
Wilcox RK. Review of in vitro mechanical testing 
for intervertebral disc injectable biomaterials. J 
Mech Behav Biomed Mater 2021;123:104703. doi: 
10.1016/j.jmbbm.2021.104703. 

7. Ellingson AM, Nuckley DJ. Intervertebral disc 
viscoelastic parameters and residual mechanics 
spatially quantified using a hybrid confined/in situ 
indentation method. J Biomech 2012;45:491-6. doi: 
10.1016/j.jbiomech.2011.11.050. 

8. Detiger SE, Hoogendoorn RJ, van der Veen AJ, 
van Royen BJ, Helder MN, Koenderink GH, et al. 
Biomechanical and rheological characterization of 
mild intervertebral disc degeneration in a large animal 
model. J Orthop Res 2013;31:703-9. doi: 10.1002/
jor.22296. 

9. Cheng KK, Berven SH, Hu SS, Lotz JC. Intervertebral 
discs from spinal nondeformity and deformity 
patients have different mechanical and matrix 
properties. Spine J 2014;14:522-30. doi: 10.1016/j.
spinee.2013.06.089. 

10. Schultz DS, Rodriguez AG, Hansma PK, Lotz 
JC. Mechanical profiling of intervertebral discs. 
J Biomech 2009;42:1154-7. doi: 10.1016/j.
jbiomech.2009.02.013. 

11. Yang B, O'Connell GD. Intervertebral disc swelling 
maintains strain homeostasis throughout the annulus 
fibrosus: A finite element analysis of healthy and 
degenerated discs. Acta Biomater 2019;100:61-74. 
doi: 10.1016/j.actbio.2019.09.035.

12. Krishnamoorthy D, Hoy RC, Natelson DM, Torre 
OM, Laudier DM, Iatridis JC, et al. Dietary advanced 
glycation end-product consumption leads to 
mechanical stiffening of murine intervertebral discs. 
Dis Model Mech 2018;11:dmm036012. doi: 10.1242/
dmm.036012.

13. Yokosuka K, Park JS, Jimbo K, Yamada K, Sato 
K, Tsuru M, et al. Advanced glycation end-products 
downregulating intervertebral disc cell production of 
proteoglycans in vitro. J Neurosurg Spine 2006;5:324-
9. doi: 10.3171/spi.2006.5.4.324.

14. Song Y, Wang Y, Zhang Y, Geng W, Liu W, 
Gao Y, et al. Advanced glycation end products 
regulate anabolic and catabolic activities via NLRP3-
inflammasome activation in human nucleus pulposus 
cells. J Cell Mol Med 2017;21:1373-87. doi: 10.1111/
jcmm.13067.

15. Luo R, Song Y, Liao Z, Yin H, Zhan S, Wang K, 
et al. Impaired calcium homeostasis via advanced 
glycation end products promotes apoptosis through 
endoplasmic reticulum stress in human nucleus 
pulposus cells and exacerbates intervertebral disc 
degeneration in rats. FEBS J 2019;286:4356-73. doi: 
10.1111/febs.14972. 

16. Singh V, Malik M, Kaur J, Kulandaivelan S, Punia S. A 
systematic review and meta-analysis on the efficacy of 
physiotherapy intervention in management of lumbar 
prolapsed intervertebral disc. Int J Health Sci (Qassim) 
2021;15:49-57. 

17. Liu JW, Abraham AC, Tang SY. The high-
throughput phenotyping of the viscoelastic behavior 
of whole mouse intervertebral discs using a 
novel method of dynamic mechanical t e s t i n g .  
J Biomech 2015;48:2189-94. doi: 10.1016/j.
jbiomech.2015.04.040.

18. Werbner B, Lee M, Lee A, Yang L, Habib M, Fields 
AJ, et al. Non-enzymatic glycation of annulus fibrosus 
alters tissue-level failure mechanics in tension. J 
Mech Behav Biomed Mater 2022;126:104992. doi: 
10.1016/j.jmbbm.2021.104992. 

19. Pokharna HK, Phillips FM. Collagen crosslinks 
in human lumbar intervertebral disc aging. Spine 
1998;23:1645-8. DOI: 10.1097/00007632-
199808010-00005. 



9Detecting IVD changes via cyclic microindentation

20. Sivan A, Corrales L, Hubert N, Williams JB, 
Aquino-Michaels K, Earley ZM, et al. Commensal 
Bifidobacterium promotes antitumor immunity 
and facilitates anti-PD-L1 efficacy. Science 
2015;350:1084-9. doi: 10.1126/science.aac4255. 

21. Hoy RC, D'Erminio DN, Krishnamoorthy D, Natelson 
DM, Laudier DM, Illien-Jünger S, et al. Advanced 
glycation end products cause RAGE-dependent annulus 
fibrosus collagen disruption and loss identified using in 
situ second harmonic generation imaging in mice 
intervertebral disk in vivo and in organ culture models. 
JOR Spine 2020;3:e1126. doi: 10.1002/jsp2.1126. 

22. Wang N, Chen S, Zhang X, Xi Z, Fang X, Xue C, 
et al. Global research status and hot trends in stem 
cells therapy for Intervertebral disc degeneration: 
A bibliometric and clinical study analysis. Front 
Pharmacol 2022;13:873177. doi: 10.3389/
fphar.2022.873177. 

23. Sharan A, Lee M, Chen L, Tang S. A novel 
therapeutic agent for rescuing the adverse effects of 
advanced glycation end-products in the intervertebral 
disk. GSJ 2017;2(1_suppl):s-0032-1319862. 
doi:10.1055/s-0032-1319862.

24. Ural A, Janeiro C, Karim L, Diab T, Vashishth 
D. Association between non-enzymatic glycation, 
resorption, and microdamage in human tibial cortices. 
Osteoporos Int 2015;26:865-73. doi: 10.1007/
s00198-014-2938-4. 

25. Woessner JF Jr. The determination of hydroxyproline 
in tissue and protein samples containing small 
proportions of this imino acid. Arch Biochem Biophys 
1961;93:440-7. doi: 10.1016/0003-9861(61)90291-
0. 

26. Jazini E, Sharan AD, Morse LJ, Dyke JP, Aronowitz 
EB, Chen LK, et al. Alterations in T2 relaxation 
magnetic resonance imaging of the ovine intervertebral 
disc due to nonenzymatic glycation. Spine (Phila 
Pa 1976) 2012;37:E209-15. doi: 10.1097/
BRS.0b013e31822ce81f. 

27. Panjabi MM, Oxland TR, Yamamoto I, Crisco JJ. 
Mechanical behavior of the human lumbar and 
lumbosacral spine as shown by three-dimensional 
load-displacement curves. J Bone Joint Surg 
[Am] 1994;76:413-24. doi: 10.2106/00004623-
199403000-00012. 

28. Wu PH, Kim HS, Jang IT. Intervertebral disc diseases 
part 2: A review of the current diagnostic and treatment 
strategies for intervertebral disc disease. Int J Mol Sci 
2020;21:2135. doi: 10.3390/ijms21062135. 

29. Kos N, Gradisnik L, Velnar T. A brief review of 
the degenerative intervertebral disc disease. 
Med Arch 2019;73:421-4. doi: 10.5455/
medarh.2019.73.421-424. 

30. Hansson TH, Keller TS, Spengler DM. Mechanical 
behavior of the human lumbar spine. II. Fatigue strength 
during dynamic compressive loading. J Orthop Res 
1987;5:479-87. doi: 10.1002/jor.1100050403. 

31. O'Connell GD, Vresilovic EJ, Elliott DM. Human 
intervertebral disc internal strain in compression: 
The effect of disc region, loading position, and 
degeneration. J Orthop Res 2011;29:547-55. doi: 
10.1002/jor.21232. 

32. Chen L, Zhao S, Niu F, Bi GB. Association between 
vitamin D receptor gene polymorphisms and 
intervertebral disc degeneration: A meta-analysis. 
J Orthop Sci 2017;22:184-9. doi: 10.1016/j.
jos.2016.11.009. 

33. Bailey JF, Fields AJ, Ballatori A, Cohen D, Jain D, 
Coughlin D, et al. The relationship between endplate 
pathology and patient-reported symptoms for chronic 
low back pain depends on lumbar paraspinal muscle 
quality. Spine (Phila Pa 1976) 2019;44:1010-7. doi: 
10.1097/BRS.0000000000003035. 

34. Hutton WC, Elmer WA, Boden SD, Hyon S, Toribatake 
Y, Tomita K, et al. The effect of hydrostatic pressure 
on intervertebral disc metabolism. Spine (Phila Pa 
1976) 1999;24:1507-15. doi: 10.1097/00007632-
199908010-00002.


