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Human Achilles tendon mechanical
behavior is more strongly related
to collagen disorganization

than advanced glycation
end-products content

Jennifer A. Zellers'*™, Jeremy D. Eekhoff?, Remy E. Walk?, Mary K. Hastings'™,
SimonY. Tang? & Spencer P. Lake3*

Diabetes is associated with impaired tendon homeostasis and subsequent tendon dysfunction, but
the mechanisms underlying these associations is unclear. Advanced glycation end-products (AGEs)
accumulate with diabetes and have been suggested to alter tendon function. In vivo imaging in
humans has suggested collagen disorganization is more frequent in individuals with diabetes, which
could also impair tendon mechanical function. The purpose of this study was to examine relationships
between tendon tensile mechanics in human Achilles tendon with accumulation of advanced glycation
end-products and collagen disorganization. Achilles tendon specimens (n=16) were collected from
individuals undergoing lower extremity amputation or from autopsy. Tendons were tensile tested with
simultaneous quantitative polarized light imaging to assess collagen organization, after which AGEs
content was assessed using a fluorescence assay. Moderate to strong relationships were observed
between measures of collagen organization and tendon tensile mechanics (range of correlation
coefficients: 0.570-0.727), whereas no statistically significant relationships were observed between
AGEs content and mechanical parameters (range of correlation coefficients: 0.020-0.210). Results
suggest that the relationship between AGEs content and tendon tensile mechanics may be masked by
multifactorial collagen disorganization at larger length scales (i.e., the fascicle level).

Diabetes affects 463 million people worldwide! and is a leading cause of disability globally?. Characterized by
impaired glycemic control, diabetes is associated with a three times greater risk of tendon injury?, and stiffening
and functional shortening of the Achilles tendon is reported to contribute to abnormal walking mechanics, plan-
tar ulceration, and limb loss*™®. Accumulation of advanced glycation end-products (AGEs) is one of the putative
mechanisms for adverse diabetes-related changes in Achilles tendon®!°. AGEs form as a result of Amadori rear-
rangement between sugars and protein residues in connective tissues, accumulating with aging and pathologies
with glycemic dysregulation, such as diabetes'!. In tendon tissue, AGEs accumulation results in non-enzymatic
binding of the collagen components, impairing molecular and fibrillar sliding of collagen'*!*. Similar to what
is observed in other tissues', limitations in collagen sliding are reported to result in stiffening of the tissue'>.
Attributing abnormal foot and ankle mechanics to diabetes-related stiffening and shortening of the Achilles
tendon has made this tendon a target for intervention. For example, Achilles tendon lengthening surgery is one
means of addressing presumed Achilles tendon dysfunction in the treatment of non-healing plantar wounds'>-"".
Despite positive outcomes associated with this treatment approach, the results of in vivo studies investigating
diabetes-related changes in Achilles tendon stiffness are conflicting®'®!. Studies in animal models of diabetic
tendon have reported contradictory findings relative to the effect of diabetes on tendon stiffness?*-?* and linear
modulus'>!320224-30_ The only study that has evaluated the effect of diabetes on ex vivo human tendon mechanics
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Age BMI* | Weight
Mechanical testing
Hysteresis (%) -0.40 0.049 0.366
Peak stress (MPa) 0.224 0.132 -0.283
Equilibrium stress (MPa) 0.196 0.071 -0.281
Percent relaxation (%) 0.035 -0.110 0.338
Linear modulus (MPa) 0.183 0.082 —-0.059
Quantitative polarized light imaging
AVG DoLP (min) -0.199 -0.110 -0.103
STD AoP (max)(°) 0.089 0.159 0.369

Table 1. Correlation matrix for primary variables of interest and participant demographics. No relationships
were statistically significant (p <0.05); Values are Pearson correlation coeflicient unless otherwise noted,
“Indicates Spearman’s rho; average degree of linear polarization (AVG DoLP), standard deviation angle of
polarization (STD AoP), minimum (min), maximum (max)average degree of linear polarization (AVG DoLP),
standard deviation angle of polarization (STD AoP), minimum (min), maximum (max).

found a 21% reduction in Achilles tendon linear modulus in individuals with diabetes’!; however, the limited
amount of overall data on this topic lack consistency.

AGEs accumulation may contribute to chronic homeostatic dysregulation within the tendon, which is char-
acterized by upregulation of inflammatory cytokines®?, vascular changes®, altered cellular metabolism and
autophagy®>**, and loss of collagen organization®~*%. A combination of downstream effects of AGEs accumula-
tion along with a variety of other factors could contribute to the disorganization of tendon fascicles that has
been described in people with diabetes, particularly with type 2 diabetes**-*’. Relationships between collagen
organization and tensile mechanics have been well-established in tendon tissue**-*!. Whereas impaired collagen
sliding increases tendon stiffness'’, collagen disorganization decreases tendon stiffness. As an example, unorgan-
ized collagen reduces tendon stiffness in degenerative conditions like tendinosis*'~#.

The multiple effects of AGEs accumulation combined with other systemic and behavioral factors present a
more complicated picture of tendon dysfunction in diabetic individuals. We hypothesize that AGEs accumulation
and collagen disorganization can contribute to mechanical deterioration of the tendon, though presumably the
effects of these factors would have opposing effects on characteristics like tendon elastic modulus. The purpose
of this study was to examine relationships between AGEs content and collagen alignment with tensile mechanics
in human Achilles tendon. We hypothesized that both AGEs content and quantitative measures of collagen align-
ment are predictive of mechanical parameters (specifically, linear modulus and hysteresis). We were primarily
interested in investigating tendon mechanics at larger length scales, due to current clinical care intervening on
tendon function at the level of the whole tendon (i.e., Achilles tendon lengthening).

Results

Achilles tendon specimens were obtained from individuals undergoing below knee amputation (n=13) or from
autopsy (n=3). Participants (10 male, 6 female) were a mean(standard deviation) age of 54.7(8.2) years old at
the time of specimen collection with a body mass index of 31.1(6.3) kg/m? Reasons for amputation included
Charcot deformity (n=5), osteomyelitis/wound infection/other infection (n=4), and trauma/complications fol-
lowing orthopaedic surgery (n=4). For cadaveric tissue, the cause of death was ALS (n= 1), respiratory failure/
cancer (n=1), and unknown (n=1). Ten participants (all donors undergoing amputation) had been diagnosed
with either type 1 (n=2) or type 2 (n=8) diabetes. None of the participants were having surgery specifically due
to tendon injury, and tendons did not have fusiform thickening (suggesting tendinosis) on visual inspection.
There were no statistically significant differences between participants with and without diabetes regarding age
(p=0.505), height (p=0.280), weight (p =-0.893), or body mass index (BMI; p=0.568). There were no statistically
significant relationships between primary variables of interest and age, BMI, or weight (Table 1).

Tensile mechanics. Thinned specimens had a mean(SD) cross sectional area of 19.14(4.93) mm?. Speci-
mens had a mean(SD) hysteresis of 9.56(3.28)% (Table 2). For stress relaxation testing, samples had a peak stress
of 1.67(0.87) MPa, equilibrium stress of 1.33(0.78), and percent relaxation of 25.1(10.3)%. Samples had a linear
modulus of 131.7(77.5) MPa. The surface features on two samples did not allow for strain tracking, and the
linear modulus values were removed from analysis for these samples (both specimens were from donors with
diabetes). There were no statistically significant differences in any mechanical testing variable between diabetic
and non-diabetic specimens (Table 2). The experimental set-up for mechanical testing and representative data
are shown in Fig. 1.

Collagen alignment. When collagen was least aligned (occurring at zero strain) during the ramp to failure
test, specimens had a mean(SD) degree of linear polarization averaged over the region of interest (AVG DoLP)
0f 0.181(0.074) (Table 2). The standard deviation of angle of polarization over the region of interest (STD AoP)
is 12.6(7.6)°. When collagen was most aligned (occurring in the linear region), specimens had a AVG DoLP of
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All specimens (n=16) | Diabetes (n=10) | Non-diabetes (n=6) | Effect size(95% CI)

Mechanical testing

Hysteresis (%) 9.56 (3.28) 9.29 (2.78) 10.01 (4.23) 0.201 (- 0.762-1.157)
Peak stress (MPa) 1.67 (0.87) 1.63 (0.81) 1.74 (1.03) 0.121 (- 0.839-1.077)
Equilibrium stress (MPa) 1.33 (0.78) 1.29 (0.74) 1.39 (0.93) 0.120 (- 0.840-1.075)
Percent relaxation (%) 25.1(10.3) 25.2 (10.7) 25.0 (10.7) —0.017 (- 0.973-0.940)
Linear modulus (MPa) 131.7 (77.5) 131.1 (68.7) 132.4 (94.9) 0.015 (- 0.976-1.006)
Quantitative polarized light imaging

AVG DoLP (min) 0.181 (0.074) 0.179 (0.083) 0.184 (0.066) 0.052 (- 0.906-1.008)
STD AoP (max) (°) 12.6 (7.6) 13.1 (9.4) 11.7 (3.4) ~0.164 (- 1.119-0.798)
AVG DoLP (max) 0.261 (0.084) 0.268 (0.100) 0.247 (0.058) —-0.232 (- 1.188-0.733)
STD AoP (min) (°) 9.1(5.1) 9.2 (6.3) 8.8(2.3) -0.077 (- 1.033-0.882)
AGEs content (units/collagen) 0.017 (0.007) 0.017 (0.007) 0.016 (0.005) —0.156 (—1.112-0.805)

Table 2. Descriptive statistics for mechanical testing, collagen alignment, and advanced glycation end-
products (AGEs) content. Values for diabetes and non-diabetes specimens are Mean(SD); average degree
of linear polarization (AVG DoLP), standard deviation angle of polarization (STD AoP), minimum (min),
maximum (max).

0.261(0.084) and STD AoP of 9.1(5.1)°. There were no statistically significant differences in collagen alignment
between diabetic and non-diabetic specimens (Table 2).

Advanced glycation end-products. AGEs content was a mean(SD) of 0.017(0.007) units/collagen in all
samples, and no statistically significant differences in AGEs content was observed between diabetic and non-
diabetic specimens (Table 2).

Relationships between tensile mechanics and AGEs content/collagen organization. All of the
assessed metrics of tendon tensile mechanics (linear modulus, hysteresis, peak stress, equilibrium stress, per-
cent relaxation) had statistically significant relationships with all of the measures of collagen organization (AVG
DoLP minimum/maximum, STD AoP minimum/maximum) (Table 3, Fig. 2). However, there were no statisti-
cally significant relationships between tendon tensile mechanics and AGEs content (Table 3, Fig. 2).

Discussion

We observed moderate to strong relationships between measures of collagen organization and tendon tensile
mechanics, whereas no statistically significant relationships were observed between AGEs content and mechani-
cal parameters. Relationships between AGEs content and tendon tensile mechanics may be present based on prior
study findings'>"%, but the results of this study suggest that collagen disorganization is the dominant mechanistic
predictor of tensile behavior. While relationships between collagen organization and mechanical behavior have
been previously described in other cadaveric tissues (e.g., supraspinatus tendon)***!, this is the first study to
characterize these relationships in human Achilles tendon where medical history (including diabetes status)
was known. Ex vivo human Achilles tendon specimens are a model that allows for the appreciation of chronic
glycation-related changes and recognizes the complexity of long-term systemic diabetes.

Studies investigating the isolated effects of non-enzymatic glycation have found alterations in collagen struc-
ture at multiple length scales of tendon architecture, impairing tendon mechanical behavior. Lee, et al.*®, found
tendons incubated in ribose solution demonstrated altered fibril nanostructure (diminished serial kinking of
the fibril) after loading that was associated with impaired post-yield mechanics but not linear stiftness. A prior
study of human Achilles tendon from individuals with diabetes*” found nanostructural changes similar to those
described by Lee, et al.* Studies by Fessel, et al.'?, and Li, et al.'?, have identified that non-enzymatic glycation
limits sliding of tendon collagen at both the fibril and fiber levels; however, only impaired sliding at the fiber level
translated to increased whole tendon stiffness. The techniques used to assess tendon mechanics in our study did
not specifically isolate structural or mechanical properties of collagen fibrils and fibers. The lack of relationship
between AGEs content and tensile mechanics (the combination of collagen mechanics at all levels of tendon
architecture), however, joins a body of growing literature that questions long-standing assumptions regarding
how AGEs-associated changes to fibril and fiber mechanics translate to altered mechanics at the fascicle and
whole tendon levels'>!>#648 It may be that AGEs play a more complex role in chronically placing abnormal strains
on a tendon and initiating tendon degenerative changes—along with a biological role in elevating inflamma-
tion—that would not have been captured in this study given the limitations of a cross-sectional study design.

The effects of AGEs are not limited purely to increases in collagen cross-linking. AGEs accumulation has been
found to drive disorganization at protein-level scales in other musculoskeletal tissues®. In the context of chronic
AGEs accumulation, impaired cell function/signaling due to altered collagen sliding/mechanotransduction com-
bined with a pro-inflammatory systemic environment may lead to degenerative tendon changes characterized by
collagen disorganization®. It is possible that the collagen disorganization observed in this study could have been
driven by a combination of the multiple effects of AGEs accumulation in collagenous tissue. In addition to the
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Figure 1. Set-up for mechanical testing and quantitative polarized light imaging (A) as well as representative
data for a single tendon for degree of linear polarization (DoLP) and Angle of Polarization (AoP) on quantitative
polarized light imaging (B). Representative mechanical testing data from the same tendon, including force

over entire duration of tensile testing protocol (C), visualization of loading and unloading curves during 10th
preconditioning cycle (used to calculate hysteresis; (D), and stress-strain curve showing bilinear curve fitting
during ramp to failure (E).

AVG DoLP (min) | AVG DoLP (max) | STD AoP (min)* | STD AoP (max) | AGEs content
Linear modulus 0.624* 0.570* —0.727** —-0.676** 0.166
Hysteresis —0.646** —-0.608* 0.679** 0.675** -0.020
Peak stress 0.618* 0.604* -0.579* —0.699** 0.207
Equilibrium stress 0.601* 0.583* —-0.626** —-0.681** 0.210
Percent relaxation —0.698** —-0.681** 0.700** 0.771** -0.057

Table 3. Correlation matrix for relationship between measures of tendon tensile mechanics with collagen
alignment and advanced glycation end-product (AGEs). *Indicates p < 0.05, **Indicates p <0.01; Values are
Pearson correlation coefficient unless otherwise noted, “Indicates Spearman’s rho; advanced glycation end-
products (AGEs), average degree of linear polarization (AVG DoLP), standard deviation angle of polarization
(STD AoP), minimum (min), maximum (max).

effects of AGEs accumulation, a host of other factors—including physical activity level®!, dyslipidemia®>>, and
obesity/high BMI****—can all contribute to collagen disorganization. The findings of this study align well with
prior studies supporting the relevance of collagen organization on tissue tensile mechanical behavior®*-*!. From
a clinical standpoint, addressing modifiable factors (like physical activity level, for example) may help to slow
tendon degeneration and potentially improve collagen organization*>*, which would likely result in improved
tensile mechanical behavior and could improve patient outcomes.

Clinical studies in individuals with diabetes have reported collagen disorganization®>*, but the implica-
tions of diabetes on in vivo tendon mechanics are less clear. Studies using ultrasound elastography have identi-
fied a reduction in tendon elasticity in individuals with diabetes, particularly when combined with peripheral
neuropathy'®'®. The findings of the present study in combination with studies supporting muscle fibrosis and
atrophy in individuals with diabetes®” point to the need to better understand tendon dysfunction in people with
diabetes to appreciate the complexity of this problem. A muscle with limited ability to place strain on the tendon
(due to fibrosis, peripheral neuropathy, or chronic disuse/atrophy) may be unable to load the tendon into the
linear region, and could explain why studies relying on volitional muscle contraction to quantify tendon mechan-
ics (i.e. dynamometer with ultrasound) have reported alterations in tendon stiffness in individuals with diabetes’
that contradict tendon tensile behavior using techniques that do not require volitional muscle contraction'®!%3!,
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Figure 2. Scatterplots of relationships of tendon hysteresis (top row, hysteresis given as ratio) and linear
modulus (bottom row) with collagen alignment [average degree of linear polarization (AVG DoLP) and
standard deviation of angle of polarization (STD AoP)] and advanced glycation end-products (AGEs) content
normalized to collagen content.

Direct comparisons of tendon mechanical properties and collagen organization are challenging due to differ-
ences in protocols and tendon models; however, data measured in this study were reasonably similar in magni-
tude to previously reported metrics. A prior study®® in human Achilles tendon with mean(SD) linear modulus
0f 346.8(68.1) MPa in individuals with diabetes and 414.0(66.5) MPa in individuals without diabetes, compared
to 131.7(77.5) MPa for all tendons in the present study. Tendons in both studies were thinned, though this
was done to different tendon dimensions, and tensile testing protocols differed, which may explain differences
between studies. This is the first study to quantitatively measure human Achilles tendon collagen organization
during loading conditions, however, the values observed in the present study are comparable to those observed
in murine Achilles tendon in a prior study®.

Due to the challenges of procuring fresh human tissues, particularly as the Achilles tendon is often used as
graft tissue, this study is of relatively small sample size which may limit its ability to detect weak relationships
between tensile mechanics and glycation. Sample size also precluded more advanced statistical analyses and
comparisons between specimens with and without diabetes. Additionally, it is important to consider that the
individuals included in this study were undergoing lower extremity amputation, so loading on the evaluated
tendon is likely less than in otherwise healthy individuals which could have implications for tendon mechan-
ics and remodeling. It is possible that reduced collagen turnover, which was unable to be ascertained from
this study, due to a lack of tendon loading resulted in tissues enriched in AGEs even in cases where the donor
did not have diabetes, which could explain why there were was no clear differences in AGEs content between
specimens from donors with and without clinical diabetes. A lack of heterogeneity in AGEs content amongst
the included samples could have limited our ability to observe significant relationships between AGEs content
and tendon tensile mechanical properties. Finally, factors such as sex have been inconsistently found to affect
tendon mechanical properties in uninjured tendon in prior literature®-%%, but we were not able to control for
these factors in our analysis or perform subgroup analysis to compare differences between sexes due to the
relatively small sample size.

In conclusion, the results of this study suggest that human Achilles tendon mechanical behavior is strongly
related to collagen organization but does not scale with AGEs concentration. This is a clinically important distinc-
tion as there is some indication that mild collagen disorganization is potentially modifiable with rehabilitative
treatment®®%>%4, whereas the ability to effectively treat AGEs accumulation in tendon with currently available
treatments is unknown. Future studies investigating temporal links between AGEs accumulation and collagen
disorganization would be helpful in understanding to what extent AGEs accumulation chronically impairs tendon
mechanics and biochemistry, contributing to tendon disorganization.

Methods

Study design and participants. Achilles tendon specimens were collected from individuals undergoing
amputation. Individuals needed to be 18 years of age or older undergoing below knee amputation to be included.
Exclusion criteria were diagnosed peripheral artery disease, known infectious diseases (human immunodefi-
ciency virus, Hepatitis C, methicillin-resistant staphylococcus aureus, and vancomycin-resistant enterococci),
or inability to obtain informed consent (for example, altered arousal/cognition due to trauma or pre-opera-
tive medications). In order to get a range of AGEs concentrations, individuals with and without diabetes were
recruited for this study. This study was conducted with approval of the Washington University Institutional
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Review Board (IRB), was performed in accordance with the Declaration of Helsinki, and informed consent was
obtained from all participants. Additional fresh, non-embalmed Achilles tendon specimens were obtained from
a tissue procurement service through the autopsy department. Consent for collection/use of tissues for research
was obtained from next of kin prior to autopsy. Specimens from deceased donors were deemed by the Washing-
ton University Human Rights Protection Office to not meet the federal definitions under the jurisdiction of an
IRB and, therefore, falls outside the purview of the Human Rights Protections Office.

Tendons were collected via sharp dissection from the amputation site (a portion of the proximal Achilles
tendon is retained during below knee amputation to form the gastrocsoleus flap) to just proximal to the insertion
of the Achilles tendon on the calcaneus. After collection, all tendon specimens were stored in phosphate buffered
saline (PBS)-soaked gauze at —80 °C until mechanically tested. Tendons underwent three freeze—thaw cycles
prior to mechanical testing. Age and diabetes status was confirmed for all participants/donors. Body mass index
was recorded for participants undergoing amputation but was not available for donors of tendon tissue obtained
from autopsy. Reason for amputation or cause of death was recorded for all participants/donors.

Tendon tensile mechanics and collagen organization. Tendons were thinned only in the frontal
(coronal) plane to 1 mm on a freezing-stage sliding microtome. Specimens were left to the native boundaries in
the remaining planes. Cross-sectional area was measured using a non-contact laser scanning device (Keyence,
LJ-V7080, Osaka, Japan)*’. Thinned tendon specimens were clamped with sandpaper and positioned in a tensile
testing rig (TestResources, 574LE2, Shakopee, MN). Tendons were submerged in PBS to ensure adequate hydra-
tion of the tissue. Aluminum strain beads (1/32" in diameter) were adhered to the tissue with cyanoacrylate glue
and used for optical strain tracking. Tendon samples were subjected to tensile testing: 0.1 MPa preload, 10 cycles
of preconditioning at 6% strain, stress-relaxation at 6% strain for 10 min, and ramp to failure at a rate of 1%
strain per second. One minute rest intervals were included between stress-relaxation and ramp to failure testing.
Mechanical testing data were processed using a custom, automated Matlab code. The two-dimensional Lagran-
gian strain was calculated from the coordinates of the strain beads throughout the test. Loading curves followed
the typical non-linear behavior of tendon. Hysteresis was calculated from the last pre-conditioning cycle as one
minus the integral of the unloading curve divided by the integral of the loading curve. Peak and equilibrium
stress as well as percent relaxation were calculated from stress relaxation, and linear modulus was determined
using bilinear curve fitting of the ramp to failure test. Based on prior research emphasizing the relevance of
tendon stiffness in individuals with diabetes® along with pilot testing in other foot and ankle tendons by our lab
group, the primary variables of interest from tensile testing were linear modulus and hysteresis.

Quantitative polarized light imaging (QPLI) was used during tensile testing to assess collagen organization at
rest and with loading of the tendon>*®*. The QPLI set-up includes a division-of-focal-plane polarization-sensitive
digital camera™. QPLI leverages the birefringence of tendon tissue to quantitatively measure the strength and
direction of collagen alignment, which are expressed for a region of interest (in this case, the tendon area within
the strain-tracking beads) as the average degree of linear polarization (AVG DoLP) and standard deviation of
angle of polarization (STD AoP), respectively. Higher DoLP represents more strongly aligned collagen, with a
perfect linear polarizer demonstrating a value of 1. AoP represents the angle that the collagen is oriented, with
0° (or 180°) representing a perfect line running from clamp to clamp. Therefore, more organized tendon tis-
sue has larger AVG DoLP (greater strength of alignment) and smaller STD AoP (indicating better uniformity
of alignment) than less organized tendon tissue. QPLI data were recorded throughout tensile testing. For data
reduction, the minimum and maximum AVG DoLP/STD AoP during the ramp to failure test were used for
statistical analysis. On visual assessment of QPLI and tensile testing data, the minimum AVG DoLP/maximum
STD AoP occurred at rest (representing the “least organized” collagen state) and the maximum AVG DoLP/
minimum STD AoP occurred in the linear region of the stress—strain curve (representing the “most organized”
collagen state). After mechanical testing, strain beads were removed from the tissue, and the tissue was wrapped
in saline-soaked gauze and stored at —80 °C for biochemistry.

Quantification of advanced glycation end-products. AGEs were quantified using a fluorescence
assay as previously described®. Specimens were papain digested and hydrolyzed. Fluorescence was compared
to a quinine standard at an excitation of 370 nm and emission of 440 nm using a microplate reader. Collagen
content was then assessed using a hydroxyproline assay®®. AGEs concentration is reported as quinine normalized
to collagen content.

Statistical analysis. Descriptive statistics are reported as mean(sd) unless otherwise noted. Data were
examined to ensure they met the assumptions of parametric statistical testing via the Shapiro-Wilk test and
by viewing Q-Q plots. Relationships between AGEs content/collagen alignment on QPLI and tensile mechan-
ics were tested using Pearson correlation coefficient. Body mass index and STD AoP did not meet parametric
assumptions, so Spearman’s rho was used. This study was not powered for comparisons between specimens from
individuals with or without diabetes; however, estimates of effect size may be helpful in the design of future stud-
ies. Therefore, we performed independent ¢-tests to compare findings between specimens from individuals with
and without diabetes and have reported effect sizes (Hedges’ g)®” with 95% confidence intervals. Effect sizes (with
cut-off) were interpreted as small (0.2), medium (0.5), and large (0.8)%. 95% confidence intervals crossing zero
were considered not statistically significant®.

The datasets generated during the current study are available from the corresponding author on reasonable
request.

Scientific Reports |

(2021) 11:24147 | https://doi.org/10.1038/s41598-021-03574-4 nature portfolio



www.nature.com/scientificreports/

Received: 10 May 2021; Accepted: 3 December 2021
Published online: 17 December 2021

References

1. International Diabetes Federation. IDF Diabetes Atlas, Ninth edition. (2019).

2. Abbafati, C. et al. Global burden of 369 diseases and injuries in 204 countries and territories, 1990-2019: A systematic analysis for
the Global Burden of Disease Study 2019. Lancet 396, 1204-1222 (2020).

3. Ranger, T. A,, Wong, A. M. Y., Cook, J. L. & Gaida, J. E. Is there an association between tendinopathy and diabetes mellitus? A
systematic review with meta-analysis. Br. J. Sports Med. 50, 982-989 (2016).

4. Giacomozzi, C., DAmbrogi, E., Uccioli, L. & MacEllari, V. Does the thickening of Achilles tendon and plantar fascia contribute to
the alteration of diabetic foot loading?. Clin. Biomech. 20, 532-539 (2005).

5. Cronin, N. J. et al. Achilles tendon length changes during walking in long-term diabetes patients. Clin. Biomech. 25, 476-482
(2010).

6. D’Ambrogi, E., Giacomozzi, C., Macellari, V. & Uccioli, L. Abnormal foot function in diabetic patients: The altered onset of Windlass
mechanism. Diabet. Med. 22, 1713-1719 (2005).

7. Zou, D., Mueller, M. J. & Lott, D. J. Effect of peak pressure and pressure gradient on subsurface shear stresses in the neuropathic
foot. J. Biomech. 40, 883-890 (2007).

8. Lott, D. ., Zou, D. & Mueller, M. J. Pressure gradient and subsurface shear stress on the neuropathic forefoot. Clin. Biomech. 23,
342-348 (2008).

9. Couppé, C. et al. Human Achilles tendon glycation and function in diabetes. J. Appl. Physiol. 120, 130-137 (2016).

10. Snedeker, J. G. How high glucose levels affect tendon homeostasis. in Metabolic Influences on Risk for Tendon Disorders (eds.
Ackermann, P. W. & Hart, D. A.) 191-198 (Springer International Publishing, 2016). https://doi.org/10.1007/978-3-319-33943-6

11. Aragno, M. & Mastrocola, R. Dietary sugars and endogenous formation of advanced glycation endproducts: Emerging mechanisms
of disease. Nutrients 9, 1-16 (2017).

12. Fessel, G. et al. Advanced glycation end-products reduce collagen molecular sliding to affect collagen fibril damage mechanisms
but not stiffness. PLoS One 9, (2014).

13. Li, Y, Fessel, G., Georgiadis, M. & Snedeker, J. G. Advanced glycation end-products diminish tendon collagen fiber sliding. Matrix
Biol. 32, 169-177 (2013).

14. Zimmermann, E. A. ef al. Age-related changes in the plasticity and toughness of human cortical bone at multiple length scales.
Proc. Natl. Acad. Sci. U. S. A. 108, 14416-14421 (2011).

15. Mueller, M. J,, Sinacore, D. R., Hastings, M. K., Strube, M. J. & Johnson, J. E. Effect of Achilles tendon lengthening on neuropathic
plantar ulcers. J. Bone Jt. Surg 85(1), 1436-1445 (2003).

16. Mueller, M. J. et al. Impact of Achilles tendon lengthening on functional limitations and perceived disability in people with a
neuropathic plantar ulcer. Diabetes Care 27, 1559-1564 (2004).

17. Maluf, K. S., Mueller, M. J.,, Strube, M. J., Engsberg, J. R. & Johnson, J. E. Tendon Achilles lengthening for the treatment of neuro-
pathic ulcers causes a temporary reduction in forefoot pressure associated with changes in plantar flexor power rather than ankle
motion during gait. J. Biomech. 37, 897-906 (2004).

18. Evranos, B. et al. Real-time sonoelastography and ultrasound evaluation of the Achilles tendon in patients with diabetes with or
without foot ulcers: A cross sectional study. J. Diabetes Complicat. 29, 1124-1129 (2015).

19. Iyidir, O. T. et al. Acoustic radiation force impulse elastography and ultrasonographic findings of Achilles tendon in patients with
and without diabetic peripheral neuropathy: A cross-sectional study. Exp. Clin. Endocrinol. Diabetes 129, 99-103 (2021).

20. Lancaster, R. L., Haut, R. C. & Decampi, C. E. Changes in the mechanical properties of patellar tendon preparations of spontane-
ously diabetic dogs under long-term insulin therapy. J. Biomech. 27, 1105-1108 (1994).

21. Volper, B. D. et al. Influence of acute and chronic streptozotocin-induced diabetes on the rat tendon extracellular matrix and
mechanical properties. Am. J. Physiol. Regul. Integr. Comp. Physiol. 309, R1135-R1143 (2015).

22. Andreassen, T. T, Seyer-Hansen, K. & Bailey, A. J. Thermal stability, mechanical properties and reducible cross-links of rat tail
tendon in experimental diabetes. Biochim. Biophys. Acta 677, 313-317 (1981).

23. Studentsova, V., Mora, K. M., Glasner, M. E, Buckley, M. R. & Loiselle, A. E. Obesity/type II diabetes promotes function-limiting
changes in murine tendons that are not reversed by restoring normal metabolic function. Sci. Rep. 8, 1-10 (2018).

24. Connizzo, B. K., Bhatt, P. R, Liechty, K. W. & Soslowsky, L. J. Diabetes alters mechanical properties and collagen fiber re-alignment
in multiple mouse tendons. Ann. Biomed. Eng. 42, 1880-1888 (2014).

25. Thomas, S. J. et al. The effect of isolated hyperglycemia on native mechanical and biologic shoulder joint properties in a rat model
hyperglycemia and shoulder properties. J. Orthop. Res. 32, 1464-1470 (2014).

26. Reddy, G. K. Glucose-mediated in vitro gycation modulates biomechanical integrity of the soft tissues but not hard tissues. J.
Orthop. Res. 21, 738-743 (2003).

27. De Oliveira, R. R. et al. Aerobic physical training restores biomechanical properties of Achilles tendon in rats chemically induced
to diabetes mellitus. J. Diabetes Complicat. 26, 163-168 (2012).

28. Silva, R. T. B. et al. Resistance jump training may reverse the weakened biomechanical behavior of tendons of diabetic Wistar rats.
Fisioter. e Pesqui. 24, 399-405 (2017).

29. Gonzalez, A. D., Gallant, M. A., Burr, D. B. & Wallace, J. M. Multiscale analysis of morphology and mechanics in tail tendon from
the ZDSD rat model of type 2 diabetes. J. Biomech. 47, 681-686 (2014).

30. Svensson, R. B., Smith, S. T., Moyer, P. ]. & Magnusson, S. P. Effects of maturation and advanced glycation on tensile mechanics of
collagen fibrils from rat tail and Achilles tendons. Acta Biomater. 70, 270-280 (2018).

31. Guney, A. et al. Biomechanical properties of Achilles tendon in diabetic vs non-diabetic patients. Exp. Clin. Endocrinol. Diabetes
123, 428-432 (2015).

32. de Oliveira, R. R. et al. Experimental diabetes induces structural, inflammatory and vascular changes of achilles tendons. PLoS
ONE 8, 1-8 (2013).

33. Xu, L. et al. Pioglitazone attenuates advanced glycation end products-induced apoptosis and calcification by modulating autophagy
in tendon-derived stem cells. J. Cell. Mol. Med. 24, 2240-2251 (2020).

34. Patel, S. H. et al. Advanced glycation end-products suppress mitochondrial function and proliferative capacity of achilles tendon-
derived fibroblasts. Sci. Rep. 9, 12614 (2019).

35. Batista, F et al. Achilles tendinopathy in diabetes mellitus. Foot Ankle Int. 29, 498-501 (2008).

36. De Jonge, S. et al. Achilles tendons in people with type 2 diabetes show mildly compromised structure: An ultrasound tissue
characterisation study. Br. J. Sports Med. 49, 995-999 (2015).

37. Abate, M., Salini, V., Antinolfi, P. & Schiavone, C. Ultrasound morphology of the Achilles in asymptomatic patients with and
without diabetes. Foot Ankle Int. 35, 44-49 (2014).

38. Afolabi, B. I, Idowu, B. M. & Onigbinde, S. O. Achilles tendon degeneration on ultrasound in type 2 diabetic patients. J. Ultrason.
20, €291-€299 (2020).

39. Szczesny, S. E. et al. Biaxial tensile testing and constitutive modeling of human supraspinatus tendon. J. Biomech. Eng. 134, 1-9
(2012).

Scientific Reports|  (2021) 11:24147 | https://doi.org/10.1038/541598-021-03574-4 nature portfolio


https://doi.org/10.1007/978-3-319-33943-6

www.nature.com/scientificreports/

40. Lake, S. P, Miller, K. S., Elliott, D. M. & Soslowsky, L. J. Tensile properties and fiber alignment of human supraspinatus tendon in
the transverse direction demonstrate inhomogeneity, nonlinearity, and regional isotropy. J. Biomech. 43, 727-732 (2010).

41. Lake, S. P, Miller, K. S., Elliott, D. M. & Soslowsky, L. J. Effect of fiber distribution and realignment on the nonlinear and inhomo-
geneous mechanical properties of human supraspinatus tendon under longitudinal tensile loading. J. Orthop. Res. 27, 15961602
(2009).

42. Arya, S. & Kulig, K. Tendinopathy alters mechanical and material properties of the Achilles tendon. J. Appl. Physiol. 108, 670-675
(2010).

43. Aubry, S. et al. Viscoelasticity in Achilles tendinopathy: Quantitative assessment by using real-time shear-wave elastography.
Radiology 274, 821-829 (2015).

44. Grigg, N. L., Wearing, S. C. & Smeathers, J. E. Achilles tendinopathy has an aberrant strain response to eccentric exercise. Med.
Sci. Sports Exerc. 44, 12-17 (2012).

45. Corrigan, P, Cortes, D. H., Pohlig, R. T. & Gravare Silbernagel, K. Tendon morphology and mechanical properties are associated
with the recovery of symptoms and function in patients with Achilles tendinopathy. Orthop. J. Sport. Med. 8, 1-9 (2020).

46. Lee, ]. M. & Veres, S. P. Advanced glycation end-product cross-linking inhibits biomechanical plasticity and characteristic failure
morphology of native tendon. J. Appl. Physiol. 126, 832-841 (2019).

47. Grant, W. P. et al. Electron microscopic investigation of the effects of diabetes mellitus on the achilles tendon. J. Foot Ankle Surg.
36,272-278 (1997).

48. Gautieri, A. et al. Advanced glycation end-products: Mechanics of aged collagen from molecule to tissue. Matrix Biol. 59, 95-108
(2017).

49. Scharf, B. et al. Age-related carbonylation of fibrocartilage structural proteins drives tissue degenerative modification. Chem. Biol.
20, 922-934 (2013).

50. Snedeker, J. G. & Gautieri, A. The role of collagen crosslinks in ageing and diabetes—The good, the bad, and the ugly. Muscles.
Ligaments Tendons J. 4, 303-308 (2014).

51. Corrigan, P, Cortes, D. H., Pontiggia, L. & Silbernagel, K. G. The degree of tendinosis is related to symptom severity and physical
activity levels in patients with midportion Achilles tendinopathy. Int. J. Sports Phys. Ther. 13, 196-207 (2018).

52. Gaida, J. E.,, Alfredson, H., Kiss, Z. S., Bass, S. L. & Cook, J. L. Asymptomatic Achilles tendon pathology is associated with a central
fat distribution in men and a peripheral fat distribution in women: a cross sectional study of 298 individuals. BMC Musculoskelet.
Disord. 11, 41 (2010).

53. Gaida, J. E. et al. Dyslipidemia in achilles tendinopathy is characteristic of insulin resistance. Med. Sci. Sports Exerc. 41,1194-1197
(2009).

54. Scott, R. T., Hyer, C. F. & Granata, A. The correlation of Achilles tendinopathy and body mass index. Foot Ankle Spec. 6, 283-285
(2013).

55. Franceschi, F. et al. Obesity as a risk factor for tendinopathy: A systematic review. Int. J. Endocrinol. 2014, 1-10 (2014).

56. Drew, B. T., Smith, T. O,, Littlewood, C. & Sturrock, B. Do structural changes (eg, collagen/matrix) explain the response to thera-
peutic exercises in tendinopathy: A systematic review. Br. J. Sports Med. 48, 966-972 (2014).

57. Bohnert, K. L. et al. Skeletal muscle regeneration in advanced diabetic peripheral neuropathy. Foot Ankle Int. 41, 536-548 (2020).

58. Guney, A. et al. Biomechanical properties of achilles tendon in diabetic vsnon-diabetic patients. Exp. Clin. Endocrinol. Diabetes
123, 428-432 (2015).

59. Eekhoff, J. D. et al. Functionally distinct tendons from elastin haploinsufficient mice exhibit mild stiffening and tendon-specific
structural alteration. J. Biomech. Eng. 139, 1-9 (2017).

60. Sprague, A. L. et al. Relationship between mechanical properties (shear modulus and viscosity), age, and sex in uninjured Achilles
tendons. Transl. Sport. Med. 3, 321-327 (2021).

61. Sarver, D. C. et al. Sex differences in tendon structure and function. J. Orthop. Res. 35, 2117-2126 (2017).

62. Morrison, S. M., Dick, T. J. M. & Wakeling, J. M. Structural and mechanical properties of the human Achilles tendon: Sex and
strength effects. J. Biomech. 48, 3530-3533 (2015).

63. deJonge, S. et al. The tendon structure returns to asymptomatic values in nonoperatively treated Achilles tendinopathy but is not
associated with symptoms: A prospective study. Am. J. Sports Med. 43, 2950-2958 (2015).

64. Ohberg, L. & Alfredson, H. Effects on neovascularisation behind the good results with eccentric training in chronic mid-portion
Achilles tendinosis?. Knee Surg. Sport. Traumatol. Arthrosc. 12, 465-470 (2004).

65. Fang, F. & Lake, S. P. Experimental evaluation of multiscale tendon mechanics. J. Orthop. Res. 35, 1353-1365 (2017).

66. Tang, S. Y., Zeenath, U. & Vashishth, D. Effects of non-enzymatic glycation on cancellous bone fragility. Bone 40, 1144-1151 (2007).

67. Lakens, D. Calculating and reporting effect sizes to facilitate cumulative science: A practical primer for t-tests and ANOVAs. Front.
Psychol. 4, 1-12 (2013).

68. Cohen, J. A Power Primer. Psychol. Bull. 112, 155-159 (1992).

69. Braitman, L. E. Confidence intervals assess both clinical significance and statistical significance. Ann. Intern. Med. 114, 515-517
(1991).

Acknowledgements

This study was supported by the National Institute of Diabetes and Digestive and Kidney Diseases (F32
DK123916), National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIH T32AR060719) and
National Center for Medical Rehabilitation Research (T32 HD007434) of the National Institutes of Health.

Author contributions

J.A.Z.: study design/conception, data collection, data analysis, drafted manuscript, critical revision of manuscript.
J.D.E.: data collection, data analysis, critical revision of manuscript. R.W.: data collection, data analysis, critical
revision of manuscript. M.K.H.: study design/conception, critical revision of manuscript. S.Y.T.: study design/
conception, critical revision of manuscript. S.P.L.: study design/conception, critical revision of manuscript.

Funding

National Institute of Diabetes and Digestive and Kidney Diseases, F32 DK123916, National Center for Medical
Rehabilitation Research, T32 HD007434, National Institute of Arthritis and Musculoskeletal and Skin Diseases,
NIH T32 AR060719.

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2021) 11:24147 | https://doi.org/10.1038/s41598-021-03574-4 nature portfolio



www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to J.A.Z. or M.K.H.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:24147 | https://doi.org/10.1038/s41598-021-03574-4 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Human Achilles tendon mechanical behavior is more strongly related to collagen disorganization than advanced glycation end-products content
	Results
	Tensile mechanics. 
	Collagen alignment. 
	Advanced glycation end-products. 
	Relationships between tensile mechanics and AGEs contentcollagen organization. 

	Discussion
	Methods
	Study design and participants. 
	Tendon tensile mechanics and collagen organization. 
	Quantification of advanced glycation end-products. 
	Statistical analysis. 

	References
	Acknowledgements


