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Introduction
Diabetes mellitus (DM) is a leading cause of disability and 
mortality, affecting 422 million adults worldwide.1 DM is 
currently the most expensive chronic condition in the US, 
with a total economic cost of $327 billion in 2017.2 As of 
2020, more than 34 million people in the US of all ages have 
diabetes.3 DM is a result of chronic endocrine dysfunction 
and hyperglycemia and is associated with impairment of the 
vascular, immune, neurological, and musculoskeletal sys-
tems.4,5 There is a clear link between metabolic dysfunction 
found in DM and musculoskeletal pathologies. For example, 
DM accelerates the progression and severity of osteoarthritis 
and increases the risk of bone fracture.6,7 DM leads to periph-
eral neuropathy and also directly affects the muscles, result-
ing in muscle atrophy and muscle cell death.8

In addition to its effect on other musculoskeletal tissues, 
DM also impairs tendon homeostasis and repair following 
injury. The effect of DM on tendons is evidenced by an 
increased incidence of tendon disorders and a higher preva-
lence of tendinopathy in patients with DM compared to their 

age-and sex-matched peers without DM.9,10 The etiology of 
Achilles tendon dysfunction includes a spectrum of patho-
logic changes associated with an overuse injury, training 
errors, inflammatory disorders, and intrinsic disease or 
degeneration. Tendon disorders in DM are characterized by 
impaired tendon structure, function, and healing capacity 
that lead to tendon-limited joint range of motion and three 
times higher risk of tendon injury relative to individuals 
without DM.11-13 Specific to the diabetic foot, dysfunction of 
the Achilles tendon is thought to be one of the factors initiat-
ing the cascade to lower limb loss,14-18 making the Achilles 
tendon a target for interventions aimed at resolving foot 
ulceration.19,20
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Abstract
Diabetes mellitus (DM) is associated with musculoskeletal complications—including tendon dysfunction and injury. Patients 
with DM show altered foot and ankle mechanics that have been attributed to tendon dysfunction as well as impaired 
recovery post-tendon injury. Despite the problem of DM-related tendon complications, treatment guidelines specific to 
this population of individuals are lacking. DM impairs tendon structure, function, and healing capacity in tendons throughout 
the body, but the Achilles tendon is of particular concern and most studied in the diabetic foot. At macroscopic levels, 
asymptomatic, diabetic Achilles tendons may show morphological abnormalities such as thickening, collagen disorganization, 
and/or calcific changes at the tendon enthesis. At smaller length scales, DM affects collagen sliding and discrete plasticity due 
to glycation of collagen. However, how these alterations translate to mechanical deficits observed at larger length scales 
is an area of continued investigation. In addition to dysfunction of the extracellular matrix, tendon cells such as tenocytes 
and tendon stem/progenitor cells show significant abnormalities in proliferation, apoptosis, and remodeling capacity in the 
presence of hyperglycemia and advanced glycation end-products, thus contributing to the disruption of tendon homeostasis 
and healing. Improving our understanding of the effects of DM on tendons—from molecular pathways to patients—will 
progress toward targeted therapies in this group at high risk of foot and ankle morbidity.
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The purpose of this review is to provide an overview of 
the clinical presentation of individuals with diabetes-related 
tendon dysfunction, particularly relating to the diabetic foot, 
as well as outline mechanisms contributing to diabetes-
related impairments in tendon homeostasis and healing.

Clinical Manifestations of Diabetes on Tendon 
Homeostasis and Healing in the Diabetic Foot
Tendons are spring-like connective tissues that store and 
return energy into the movement system while transferring 
muscle forces to the bone to generate movement. Given this 
role, tendons are a critical component in limb and joint 
motion, and tendon dysfunction is associated with impaired 
mobility and a reduced quality of life. Tendon disorders can 
also be painful, further impacting a person’s ability to be 
active and complete daily living, occupational, and recre-
ational activities. For individuals with diabetes, an inability 
to move efficiently is particularly concerning as regular 
physical activity is a mainstay of glycemic control and diabe-
tes management.21

Tendon appearance on clinical diagnostic imaging. Diabetes is 
associated with an increased frequency of Achilles tendon 
abnormalities on diagnostic imaging in asymptomatic indi-
viduals, including tendon thickening, collagen disorganiza-
tion, calcific changes at the tendon enthesis, and alterations 
in mechanical behavior.22-25 Sonographic abnormalities have 
been reported in asymptomatic patients, with defects focused 
on the enthesis observed in 25.7% of patients with diabetes 
compared to 11.7% of patients without diabetes.26

In addition to focal tendon defects, some studies using 
ultrasound and magnetic resonance imaging (MRI) have 
reported thickened Achilles tendons in individuals with dia-
betes compared to the tendons of individuals without diabe-
tes, though other studies have not detected differences in 
tendon size.16,22,27-30 In some instances, Achilles thickening 
has been presumed to result in higher tendon stiffness and 
may contribute to limitations in ankle dorsiflexion.19,20 
However, studies of tendon morphological changes have not 
included an assessment of tendon material properties, which 
complicates this interpretation of the clinical implications of 
tendon thickening. For example, tendon thickening is also 
characteristic of tendon degenerative changes (or tendino-
sis),31-34 which is generally associated with reductions in tis-
sue stiffness in non-diabetic tendinopathy.31,35

Similar to the tendon degenerative changes observed with 
Achilles tendinosis, diabetic tendinopathy is also character-
ized by disorganization of the collagen. Collagen organiza-
tion of the Achilles tendon assessed via ultrasound 
imaging—including quantitative techniques like ultrasound 
tissue characterization—has been shown to be more disorga-
nized in the tendon tissue of patients with diabetes.28,36 An ex 
vivo study using quantitative polarized light imaging during 
tensile testing on tendons from patients with diabetes found 

strong relationships between collagen disorganization and 
reduced tendon linear modulus.37 Taken together, it may be 
that collagen disorganization at larger length scales of tendon 
architecture (ie, fascicle level) contributes to reductions in 
the linear modulus38 and elasticity on ultrasound shear wave 
elastography24 assessed ex vivo and in vivo, respectively, in 
the Achilles tendons of individuals with diabetes.

Patient presentation and treatment considerations. Approxi-
mately 80% of individuals attending outpatient physical 
therapy have diabetes, prediabetes, or diabetes risk factors,39 
indicating the significance of diabetes on the development of 
musculoskeletal disorders. The clinical presentation and 
treatment of tendon dysfunction associated with diabetes can 
broadly be divided into two categories: (1) tendon injury (ie, 
tendinopathy, tendon rupture) with impaired healing and (2) 
chronically altered tendon homeostasis.

Diabetes is an important consideration in the care of indi-
viduals with tendon injuries. Individuals with diabetes are at 
an increased risk of developing tendinopathy (eg, tendon 
pain), and pain reduction during tendon rehabilitation is 
blunted in individuals with metabolic syndrome.40 In addi-
tion to the direct effects of diabetes on tendon homeostasis 
that may contribute to injury, diabetes is also associated with 
peripheral neuropathy and obesity, which can further alter 
loads on the tendon, contributing to tendon dysfunction and 
impaired response to treatment.4,40-43

In the context of tendon rupture, individuals with diabe-
tes are often excluded from clinical trials, likely because 
diabetes could impact wound and tendon healing in 
unknown ways. Still, individuals with diabetes are known 
to be at increased risk of requiring hospitalization after 
Achilles tendon rupture,13 which may indicate higher rates 
of rupture and/or complications (such as wound infection) 
when compared to individuals without diabetes. In addi-
tion, animal models of Achilles tendon rupture have sug-
gested impaired healing post-rupture, evidenced by larger 
reductions in tendon stiffness due to reduced collagen 
expression in diabetic compared with non-diabetic rats.44 In 
humans, diabetes is associated with higher self-reported 
symptoms and functional limitations during recovery from 
Achilles tendon rupture compared to individuals without 
diabetes.45

In the absence of pain or acute tendon injury, individuals 
with diabetes may experience downstream effects of 
impaired tendon homeostasis, potentially leading to ulcer-
ation and amputation. Specifically, thickening and increased 
tendon stiffness of the Achilles tendon restrict ankle dorsi-
flexion range of motion.14-16,19,20,46,47 During tasks like walk-
ing, restricted ankle dorsiflexion alters foot mechanics and 
changes plantar pressure on the foot.15,17-19 Giacommozzi 
and colleagues have reported a combination of plantar fascia 
thickness, Achilles tendon thickness, and great toe extension 
to account for 70.1% of the total variance in vertical force 
through the metatarsals during walking gait. Increased 



Vaidya et al 3

plantar pressures contribute to ulceration, including non-
healing plantar wounds requiring surgical intervention.

Achilles tendon lengthening procedures have been used as 
a way to intervene, improving ankle range of motion, reducing 
plantar flexor power and plantar pressures, and allowing plan-
tar wounds to heal.19,20,48,49 For example, Maluf and colleagues 
reported a transient 27% decrease in peak forefoot pressure 
after Achilles tendon lengthening (assessed at 3 weeks post-
wound closure). However, peak forefoot pressure returned by 
8 months post-wound closure.19 While participants did dem-
onstrate an average increase of 8 degrees of dorsiflexion range 
of motion at the 3 week time point, it was a reduction in plan-
tar flexor power rather than dorsiflexion range of motion that 
was significantly correlated to forefoot pressures.19 It is impor-
tant to note that there are a host of other factors that contribute 
to this cascade (eg, circulation changes,50 loss of foot struc-
tural integrity,29,51 chronic low-grade inflammation)52 beyond 
a purely mechanical framework.

Mechanisms Underlying Tendon Dysfunction in 
Individuals With Diabetes
Effect of glycation on collagen and tendon mechanical behav-
ior. Increased protein glycation and the formation of 
advanced glycation end-products (AGEs) in the collagenous 
tissues of patients with diabetes is thought to be one of the 
main drivers of tissue dysfunction.53-56 AGEs are a heteroge-
neous group of compounds formed by a non-enzymatic reac-
tion between reducing sugars and free amino groups of 
proteins and lipids, called the Maillard reaction.57-60 In a 
collagen-rich extracellular matrix, AGEs can form crosslinks 
between collagen fibrils,37 which can then alter biomechani-
cal properties,38,61 thermal stability,62 enzymatic degradation, 
and collagen packing.55,63 AGE-crosslinks can persist for the 
full lifetime of the protein to which they are bound, which 
presents a substantial concern in tendon tissue due to the 
relatively slow rate of collagen turnover.64

Tendons are organized in a hierarchical fashion: collagen 
molecules are combined in parallel to form fibrils, which are 
packed together to form fibers, which then form fascicles 
and are combined to form the whole tendon.65 An important 
attribute of tendons is the ability to decrease strain experi-
enced by each tendon substructure compared to the next larg-
est structure along the length scale, known as strain 
attenuation. Strain attenuation enables tendons to reduce the 
accumulation of microdamage and increase the maximum 
strain that can be supported before failure.66,67 Due to 
decreased collagen sliding, glycated tendons tend to exhibit 
less strain attenuation, increasing strain on individual fibers 
and fibrils and lowering the maximum strain on whole ten-
dons, potentially leading to increased microdamage at these 
smaller length scales during normal tendon loading.37,68

At smaller length scales, AGEs such as collagenous form 
non-enzymatic crosslinks within and between collagen mol-
ecules, adding excessive stability and preventing the motion 

between collagen fibrils.69 Veres et al revealed diabetes-
related impairments in discrete plasticity at the nanoscale 
level. Discrete plasticity is a phenomenon by which tendons 
prevent overload-induced rupture of collagen via a charac-
teristic nanoscale damage motif observed as kinking along 
the length of collagen fibrils, produced by rupture and 
repeated sub-rupture of tendons (Figure 1).70,71 Repeated 
damage at the nanoscale level provides cues for cellular 
repair and remodeling.72 In vitro, ribose-induced AGE for-
mation significantly inhibited the formation of discrete plas-
ticity damage, revealing another mechanism that might be 
involved in the disease progression of diabetic tendinopa-
thy.73 At the fiber level, altered collagen alignment due to 
decreased D-period length was observed with increased 
accumulation of AGEs, which impacted tensile behavior by 
reducing collagen fibril viscoelasticity and altering fibril 
failure mode.74

Several studies have observed altered biomechanical 
properties in tendons in animal models as well as in individu-
als with DM, although reported results have been inconsis-
tent. For example, contradictory results have been reported 
for tendon stiffness in diabetic conditions. On one hand, loss 
of collagen type I will reduce tendon stiffness,24,38,75 while on 
the other hand, accumulation of AGEs leads to dysfunctional 
matrix stiffening.23,22,76,77 A study by Li et al69 found that 
stiffness changes at the tissue level were not due to increased 
stiffness at the fibril level but rather due to changes in larger-
scale hierarchical structures. Thus, the observed difference in 
stiffness suggests that the relationship between AGE content 
and tendon tensile mechanics may be masked by multifacto-
rial collagen disorganization at larger length scales.37 A 
detailed report on changes in biomechanical properties in 
diabetic tendinopathy is reviewed elsewhere.78

Overall, the mechanisms by which collagen glycation 
affects tendon mechanics have been elucidated at smaller 
length scales by ex vivo methods. However, standardization 
of currently available methods to assess tendon in vivo—
including non-invasive approaches like ultrasound—and fur-
ther development of in vivo testing methods is necessary to 
detect and confirm the effect of AGEs changes at larger 
length scales. In addition to the pathophysiological reasons 
underpinning contradictory findings related to the effect of 
diabetes on tendon mechanical behavior, methodological 
factors may also be contributing to the lack of consistency, 
including differences in the method of mechanical testing, 
type/region of tendon tested, and the selection of a diabetes 
model for evaluation.

Effects of hyperglycemia and AGEs on tendon cell behavior. The 
effect of DM on the functional and mechanical behavior of 
tendons is also reflected in alterations to the cellular environ-
ment. The most common cells in tendons are tenocytes and 
tendon stem/progenitor cells (TSPCs), which play a vital role 
in tendon homeostasis, maintenance, remodeling, and repair.79 
A hyperglycemic environment and diabetic conditions can 
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negatively alter tendon cells and subsequently cause struc-
tural and functional changes in the tendons of patients with 
diabetes that accelerate the progression of tendinopathy.

Tenocytes are primary tendon cellular components that 
remodel the extracellular matrix (ECM) and maintain tissue 
function by generating collagen, proteins and proteoglycans 
that remodel and repair the ECM.80,81 Several in vitro studies 
have found that tenocytes cultured in high glucose environ-
ments exhibit decreased cell proliferation82 and cell migra-
tion,83 yet increased apoptosis.84,85 Hyperglycemic conditions 
have been shown to induce the formation of AGEs, which is 
not only limited to crosslinking of collagen in the ECM but 
extends to altered cellular function via the signaling role of 
AGEs.86,87 Specifically, AGEs are associated with several 
signaling cascades within many cell types by virtue of their 
interaction with the receptor for AGE (RAGE).88-90 Activation 
of AGE-RAGE can induce apoptosis,91 regulate the expres-
sion of pro-inflammatory markers,89,92-99 and lead to degra-
dation of the ECM100 (Figure 1). Patel et al investigated the 
effect of AGEs in the presence and absence of high glucose 
on the mitochondrial function of tenocytes. This study 
reported that high glucose did impact some mitochondrial 
functions; however, AGEs were primarily responsible for 
decreasing ATP production, electron transport efficiency, and 
proliferation as well as altering the regulation of gene expres-
sion associated with ECM remodeling, energy metabolism, 

and apoptosis.101 These results suggest that AGEs might 
affect different functions within the tissue compared to 
hyperglycemia. However, more mechanistic studies are 
required to reveal the different pathways by which AGEs 
affect downstream signaling.

Diabetes-related impairment of tenocyte signaling has 
been suggested to affect nearly all components of the ECM, 
though there is limited literature in this area to date, particu-
larly for non-collagenous components. Tendon ECM is pri-
marily composed of type I collagen, though other ECM 
components (eg, elastin, proteoglycans) may play an impor-
tant role in tendon function.102 Rat tenocytes cultured in high 
glucose show decreased expression of type I collagen expres-
sion and increased expression of type III collagen.82 Burner 
et al103 found that high glucose treatment of tenocytes leads 
to reduced mRNA expression of proteoglycan protein back-
bones and affects the expression of several proteoglycans, 
including biglycan, versican, fibromodulin, decorin, and 
lumican. Ueda et al82 showed that high glucose (12 mmol/L) 
stimulated production of various ECM enzymes such as 
NADPH oxidase (NOX-1, NOX-4), matrix metalloprotein-
ase (MMP-1, MMP-2), tissue inhibitors of MMPs (TIMP-1, 
TIMP-2), as well as increased interleukin-6 (1L-6) produc-
tion and ROS accumulation, suggesting an overall increase 
in oxidative stress and matrix degradation. Mokuhara et al104 
found dehydroepiandrosterone (DHEA), an adrenal steroid, 

Figure 1. Proposed structural and functional changes in tendon in diabetes. Diabetes has been suggested to result in a host of tendon 
changes—including alterations in tenocyte and tendon derived stem progenitor cells (TSPCs) along with structural and biochemical 
changes. This figure outlines diabetes-related alterations in tendon tissue that have been identified in the literature, though, additional 
studies confirming these findings and investigating interactions between cellular and mechanical changes are warranted.
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to have a protective effect against high glucose-induced 
overexpression of catabolic enzymes such as NOX1, NOX-
4, Il-6, MMP1-2, and TIMP1-2, Col III in tenocytes in both 
in vitro tenocytes and in vivo Achilles tendon models, sug-
gesting the effectiveness of DHEA as an antioxidant and 
anti-inflammatory steroid. Overall, these studies demon-
strate that high glucose concentrations and AGEs can pro-
foundly affect matrix organization and turnover. Often 
overlooked, the exact levels of glucose that can reach the 
tendon also remain unclear.105 Thus, further in vivo studies 
are required to deduce the appropriate glucose concentration 
in the tendon environment in cases of hyperglycemia of dif-
ferent severity. In addition, fewer studies have explored the 
effects of insulin treatment and antiglycation compounds in 
reversing these effects.

Hyperglycemia also reduces the suppression of tendon-
related genes in tenocytes and increases the expression of 
adipogenic transcription factors such as PPARJ and C/
EBPs.83 The adipogenic transdifferentiation of tenocytes 
under high glucose conditions might promote the formation 
of lipid deposits in the tissue and further impair the func-
tional and biomechanical properties of the tendons of patients 
with diabetes. A more detailed account of the effect of hyper-
glycemia and AGEs on tenocytes is provided in the review.78

In addition to tenocytes, a small niche population of ten-
don stem progenitor cells (TSPCs) has been identified in 
many species.79,106 TSPCs possess stem cell characteristics 
and play a significant role in tendon repair and regenera-
tion.107,108 Diabetes-related TSPC alterations are related to 
enhanced transdifferentiation or lower repair and renewal 
capacity. Diabetic TSPCs show reduced expression of 
CD44,109 a glycoprotein involved in cell growth, survival, 
differentiation, and motility processes, compared to healthy 
TSPCs. Lower expression of CD44 might result in decreased 
self-regeneration and self-repair abilities in diabetic tendi-
nopathy.110,111 TSPCs from diabetic rat patellar tendons show 
decreased proliferation when cultured in a high glucose envi-
ronment compared to TSPCs from healthy controls.112 
However, in vitro treatment of TSPCs with insulin leads to 
significantly increased proliferation.113 In vitro hyperglyce-
mic treatment also increased apoptosis of TSPC,114 which 
might correspond to the exhaustion of TSPCs during in vivo 
progression of diabetic tendinopathy.

Alterations in TSPC gene expression may also contribute 
to abnormal cell differentiation toward a chondrocyte-like 
cellular phenotype and higher rates of cellular abnormalities 
in diabetic compared with non-diabetic conditions. TSPCs in 
the presence of diabetes, show increased expression of osteo-
chondrogenic markers such as bone morphogenetic protein-1 
(BMP-1), osteopontin (OPN), osteocalcin (OCN), Col II, 
Sox-9, and alkaline phosphatase (ALP), and reduced expres-
sion of tendon markers such as Col I and TNMD.115 In addi-
tion, in vitro insulin treatment of TSPCs increased the 
formation of mineralization modules and increased the 
expression of osteogenic genes such as Runx2, ALP, and 

osteonectin (OSN).112,116 Thus, TSPCs derived from diabetic 
rat tendons demonstrate enhanced osteogenic and chondro-
genic differentiation and suppressed tenogenic differentia-
tion, which are likely to affect the tendon repair and facilitate 
the progression of diabetic tendinopathy. An in vitro study by 
Xu et al, reported that increased AGEs reduced cell viability, 
increased apoptosis and autophagy, induced senescence, and 
enhanced ossification in mouse Achilles TSPCs (Figure 1). 
The same study also revealed that pioglitazone, a PPARJ 
agonist, ameliorated the dysfunction in TSPCs caused by 
AGEs.117

Further studies should focus on the underlying molecular 
pathways involved in the erroneous differentiation of these 
cells. An understanding of the mechanistic effects of AGEs 
versus hyperglycemia will enable the development of tar-
geted therapies. In addition, the role of inflammation and 
metabolism in processes of tendon homeostasis, tendinopa-
thy, and tendon healing needs to be investigated for therapeu-
tic purposes.

Current Challenges and Future Opportunities
In summary, diabetes is associated with substantial tendon-
related complications—from the molecular to the patient 
level. From a clinical standpoint, there is a paucity of infor-
mation to guide clinical decision-making for patients with 
diabetic tendinopathy. Moving forward, studies specifically 
designed to investigate the tendon-care needs of individuals 
with diabetes would help inform the diagnosis and manage-
ment of diabetic tendinopathy along with improve our under-
standing of how tendon health factors into the foot and ankle 
management of this high-risk group.

In vitro studies have shown that hyperglycemia and AGEs 
can affect tendon mechanics and cell behavior, but the degree 
to which these specific alterations may contribute to diabetic 
tendinopathy and impaired healing in vivo is still unknown. 
While collagen glycation plays a significant role in affecting 
tendon mechanics and cellular functions, identifying which 
AGEs could be used as biomarkers could prove useful in 
early diagnosis of diabetic tendinopathy.

While animal models of diabetes are similar to human 
cases, a lack of early-stage clinical samples makes it chal-
lenging to recapitulate tendon dysfunction in patients with 
diabetes. Moreover, changes in tendon associated with dif-
ferent models are not well-characterized to attribute to 
model-specific changes that are not consistent with other 
models. Characterizing the human condition and improving 
our understanding of the strengths and limitations of animal 
models of diabetic tendinopathy is required for better trans-
lation of the results to develop effective therapeutic targets.
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