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Summary

Foot ulcers are a severe complication of diabetic

patients resulting from nerve and tendon patho-

logic alterations. In diabetic patients the tendons

are thicker, shorter and have increased stiffness.

We examined C57BL/KsJ (BKS.Cg-Dock7m +/+

Leprdb/J) (db/db) mice tendons to determine

whether they are an animal model for human dia-

betic tendon changes. We hypothesized that the

Achilles tendons of db/db diabetic mice would be

thicker, stiffer, fail at lower loads and stresses,

and have degenerative changes compared to con-

trol mice. Biomechanical and histologic analyses

of the Achilles tendons of 16 week old db/db and

control male mice were performed. There was a

significant increase in tendon diameter and sig-

nificant decreases in maximum load, tensile

stress, stiffness and elastic modulus in tendons

from diabetic mice compared to controls. Mild de-

generative and neutrophil infiltration was ob-

served near the tendon insertions on the calca-

neous in 25% of db/db mice. In summary, hyper-

glycemia and obesity lead to severe changes in

db/db mice will be a useful model to examine

mechanisms for tendon alterations.

KEY WORDS: biomechanics, db/db, diabetes, mice,

pathology, tendon.

Introduction

The World Health Organization estimates that dia-

betes affects more than 370 million people worldwide,

including 60 million in the European region. According

to the CDC 25.8 million Americans have diabetes with

over 1.8 million cases reported annually1. Diabetes

leads to numerous secondary disease conditions in-

cluding but not limited to retinopathy, neuropathy,

poor healing, cardiovascular disease, renal failure,

and foot ulcers. Although typically not fatal, one of the

more debilitating consequences of diabetes is the de-

velopment of foot ulcers. The incidence of foot ulcers

in diabetic patients ranges from 2.5 to 10.7% and

those requiring amputation from 0.25-1.8%2. Although

the cause of the ulcers is poorly understood, it is be-

lieved to be a combination of neurologic deterioration

in the extremities and alteration of tendon structure.

The gastroc soleus tendon (Achilles tendon) from dia-

betic humans are thicker, shorter and have increased

stiffness3,4. The combined alterations in propriocep-

tion and tendon mechanics leads to an altered gait de-

scribed as an early Windlass mechanism maintained

throughout the entire gait cycle3. Treatment of ulcers

once they have developed has limitations as amputa-

tion is unfortunately still the resolution in many pa-

tients. Prevention or treatment of the underlying ten-

don injury prior to ulcer development would be a sig-

nificant improvement for these diabetic patients. 

Rodents have been used to model many diseases

found in diabetic humans. In this manuscript the poten-

tial for using mice to model the diabetic tendon

changes was investigated. One of the commonly used

mouse models of type 2 diabetes mellitus is the db/db

mouse. Db/db mice have a genetic mutation in the lep-

tin gene receptor leading to early onset of diabetes by

6 weeks of age5. Db/db mice are insulin resistant, have

increased blood glucose, and are obese. Characteriza-

tion of tendon alterations in diabetic mice has been

limited to one previous publication on the ob/ob

mouse6. In that study the histologic features of the

Achilles tendon of ob/ob mice revealed tenocyte de-

generation, chondrocyte metaplasia in the tendon, vas-

cular proliferation, and tendon insertional ruptures6.  

The gold standard for assessing tendon function is

the measurement of biomechanical properties. To our

knowledge, the structural and material mechanical
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properties of tendons from db/db or other diabetic

mice have not been examined. In this study we inves-

tigated the biomechanical properties and histology of

the Achilles tendon. We hypothesized that the ten-

dons of db/db mice would be thicker and exhibit di-

minished structural (stiffness, maximum load) and

material (modulus, maximum stress) properties com-

pared to non-diabetic control mice. We also hypothe-

sized that there would be degenerative histologic

changes in the Achilles tendon.

Materials and methods

Mice. Male db/db [5 week old; background strain

C57BL/KsJ (BKS.Cg-Dock7m +/+ Leprdb/J)] (n=16) and

age-matched non-diabetic lean control mice (n=18)

were purchased from Jackson Laboratories (Bar Har-

bor, ME). All mice were housed in shoebox cages with

wood chips (Sani-chips) in a temperature controlled

room (22-23° C) with 12:12 h light cycle for 11 weeks

prior to analysis. Mice were free from pathogenic

agents including ectromelia virus, epizootic diarrhea of

infant mice virus, lymphocytic choriomeningitis virus,

Mycoplasma pulmonis, mouse adenovirus strain 1 and

2, mouse hepatitis virus, mouse parvovirus, minute

virus of mice, polyoma virus, pneumonia virus of mice,

reovirus type 3, Theiler’s murine encephalomyelitis

virus, sendai virus, endoparasites and ectoparasites.

Mice were euthanized at 16 weeks of age and tissues

collected for analysis. All experimental procedures

were approved by the Wright State University Institu-

tional Animal Care and Use Committee. This study

meets the ethical standards of the Journal7.

Glucose measurements. Prior to euthanasia at 16

weeks of age, glucose and weight measurements

were conducted on all mice. For glucose measure-

ments, blood samples were taken from a cut made on

the tip of the tail and the glucose concentration deter-

mined using a Free Style Lite® Blood Glucose Moni-

tor (Abbott Diabetes Care, CA). 

Biomechanical testing. Both hind limbs of 5 db/db

and 6 wild type mice were harvested and stored at ≤ -

65°C until use. Specimens were thawed in a refrigera-

tor overnight prior to testing. The skin was removed

and the Achilles tendon with proximal (gastrocnemius

muscle) and distal (calcaneous) attachments was iso-

lated. Tendon diameter (medial-lateral) was measured

using a laser micrometer (Model LS7030-MT;

Keyence, Elmwood Park, NJ). Following an estab-

lished procedure8, a custom grip comprised of a brass

block (12.7 x 12.7 x 23.7 mm) with a hollow conical

shape was used to hold the calcaneous during testing.

The tendon was threaded through a small opening

(1.75 mm diameter) in the block using a suture. The

intramuscular gastrocnemius and soleus tendon fibers

were then secured in a pneumatic grip mounted to a

50 N load cell on a materials testing system (Elec-

troPuls E3000; Instron, Norwood, MA). Initial speci-

men length was measured using digital calipers with

the specimen clamped in the upper grip and brass

block grip hanging from the other tendon end (0.196N

force while hanging). The brass block was then se-

cured in another pneumatic grip fixed to the load

frame. The tendon was manually preloaded to 0.5 N

to remove slack and then loaded in tension at a rate of

0.1 mm/sec until tendon failure. No specimen precon-

ditioning beyond the preload was performed. Speci-

men hydration was maintained throughout testing via

periodic misting with physiologic saline.

Tendon structural properties were calculated from the

load-displacement data obtained from mechanical

testing. Maximum load was defined as the load at

which the tendon failed, and stiffness was calculated

as the slope of the linear region of the load-displace-

ment curve. Additionally, material properties were

calculated by converting the load-displacement data

into stress-strain data using the measured tendon di-

mensions. Stress was calculated as the force divided

by cross-sectional area. Maximum stress was defined

as the stress at tendon failure and tensile strain was

defined as the corresponding strain at failure. Elastic

modulus was calculated as the slope of the linear re-

gion of the stress-strain curve. For stiffness and elas-

tic modulus calculations, the linear portion of the

curve was defined in a region between 20 and 80%

from the peak load (for load-displacement curves) or

peak stress (for stress-strain curves). The corre-

sponding x-y coordinates at these two points were

used to draw a line tangent to the curve, and the

slope of this line is reported as the stiffness or elastic

moduli, respectively. Both structural and material

properties describe the behavior of the tendons under

loading, with the material properties allowing more

exact comparisons of tendons independent of speci-

men size and shape.

Histology. Both right and left Achilles tendons were

collected from 6 db/db and 6 wild type control

C57BL/6 mice. In addition, the left Achilles tendon

was harvested after euthanasia from 5 db/db and 6

wild type mice. The tendons were fixed in 10% neu-

tral buffered formalin, decalcified in Cal-Rite (Richard

Allan Scientific, Kalamazoo, MI) solution for 48 hours,

dehydrated through a gradient of alcohols and xy-

lene, and embedded in paraffin. Slides were sec-

tioned at 5 µm, and stained with eosin and hema-

toxylin by AML Laboratories (Baltimore, MD). Three

step serial sections 150 µm apart were examined.

The tendon mid-substance and insertion were exam-

ined for alterations in cell density, inflammatory cell

infiltration, and extracellular matrix organization.

Changes were scored subjectively as no differences,

mild, moderate or severe changes. Qualitative scor-

ing was performed blinded to group and was per-

formed by one reviewer to maintain consistency. 

Statistics. Biomechanical specimens from the two

hindlimbs within an animal were considered to be

replicates. A two-tailed ANOVA confirmed that there
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were no differences in any biomechanical property

due to hindlimb side (p≥0.118 for all biomechanical

parameters).  Therefore, the biomechanical values for

left and right tendons were averaged for each animal.

All data were determined to be normally distributed

by Shapiro-Wilk or Kolmogorov-Smirnov tests. A one-

tailed Student’s T-test analysis was used to detect

statistical differences in these biomechanical data

with significance level set at p<0.05. Results are pre-

sented as the mean ± standard deviation. Additional

analysis included a Pearson’s correlation to examine

relationships between glucose, body weight and bio-

mechanical properties. Significance was set at

p<0.05.  

Results

Db/db mice (n=5) and control lean mice (n=6) were

examined for weight, glucose levels, and tendon bio-

mechanical properties. At 16 weeks, body weight was

increased for all db/db mice compared to controls

(39.7±1.6 g and 27.3±3.9 g respectively, p<0.001).

Blood glucose levels in db/db mice were significantly

elevated compared to control mice (576±45 mg/dl

and 135±9 mg/dl respectively, p<0.001). 

Tendon failure occurred at least 1 mm from the grip

edges in all cases, and no slippage from the grips

was observed during testing. Maximum load

(p=0.010), elastic modulus (p=0.001), maximum

stress (p=0.001), and stiffness (p=0.004) were signifi-

cantly decreased in the db/db mice compared to con-

trols (Tab. 1). Tendon diameter (p=0.001) was signifi-

cantly increased in the db/db mice compared to con-

trols (Tab. 1). No significant difference was detected

in tensile strain (Tab. 1). A Pearson’s correlation was

conducted to compare relationship between glucose

and biomechanical properties, and between body

weight and biomechanical properties. There were no

significant relationships for any comparison, however

two comparisons had values that approached signifi-

cance (maximum load and body weight: R= -0.76,

p=0.06; and tendon diameter and body weight: R=-

0.83, p=0.08). 

Longitudinal sections of the Achilles tendon were ex-

amined for pathologic changes. Unfortunately sec-

tions of the insertion were difficult to obtain in several

mice because of sectioning difficulties. Pathologic

changes were observed at or near the insertion site in

3 of 12 db/db Achilles tendons and 0 of 10 wildtype

tendons (Fig. 1a, b). The histologic alteration in all 3

db/db tendons were characterized by mild neutrophil

infiltration, mild disorganization of the collagen fibers,

mild increased basophilia of the tenocytes, and mild

increased nuclear size/rounding. These pathologic

changes are consistent with degenerative tendon. In

addition, in 1 db/db and 1 wild type mouse there was

mild neutrophil infiltration in the fat pad adjacent to

the tendon. Nearly all mice had analyzable sections

which included the Achilles tendon midstubstance

and origin. There were no histologic changes in the

midsubstance or origin of the Achilles tendon in any

of the 15 db/db tendons or 16 wild type tendons ex-

amined (Fig. 1c, d).

Discussion

Results showed that the Achilles tendon of db/db

mice at 16 weeks of age had inferior biomechanical

properties compared to control mice. There was a

significant decrease in maximum load, maximum

stress, elastic modulus and stiffness, and an increase

in tendon diameter in the diabetic mice. Alterations in

tendon histology were also observed in 25% of the

db/db mice but there were no histologic changes in

the mid-substance. Interestingly though, in contrast to

the histologic observations of insertional tendon

changes, the tendons primarily failed in the mid-tis-

sue and not at the insertion. Our observed failure

mode indicates that the tendons were weakest within

the soft tissue. 

Limitations of the study were few. The initial tendon

length was used to determine strain rather than the

preloaded length of the tendon in the mechanical

testing fixture. This may lead to overestimation of

strain. However, this is believed to be consistent be-

tween both the control and db/db Achilles tendon so

did not influence the observed differences. Further-

more, the reported strain is a bulk property calculated

from grip-to-grip measurements as local strain mea-

surement was not performed. The authors realize the

accuracy limitations of this approach, but since no

specimen slippage was observed in the singular

clamped end this approach yielded a valid approxi-

mation of specimen behavior. We also only examined

mice at one age. We would hypothesize that older

db/db mice will likely have further alterations as ad-

Table 1. Structural and material properties of control and db/db mice (mean ± SD).

Length Diameter Maximum Stiffness Tensile stress Tensile strain Elastic modulus

(mm) (mm) Load (N) (N/mm) (MPa) (mm/mm) (MPa)

Control 4.4±0.9 1.2±0.1 8.1±0.6 3.9±0.7 7.8±1.4 0.6±0.1 16.0±3.7

db/db 4.4±1.0 1.4±0.1 6.6±1.0 2.6±0.4 4.6±1.0 0.7±0.2 8.0±1.1

p value N/A 0.001 0.010 0.004 0.001 0.144 0.001

Power N/A 0.986 0.838 0.925 0.989 0.274 0.995
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vanced glycation end-products further impact the col-

lagen in the tendon, however, that has not been ex-

amined.

Histologic lesions correlated well with the histologic

findings of Ji et al. who observed degenerative

Achilles tendon alterations at the insertion site in the

ob/ob mice6. One aspect observed in the ob/ob mice

that was not seen in the db/db mice was the pres-

ence of microruptures. This difference may be due to

the age of the mouse (12 weeks versus 16 weeks),

the sex of the mouse (not identified in the manuscript

by Ji et al.), different genotype (ob/ob versus db/db),

and number of animals examined (this also was not

identified in the Ji et al. manuscript)6. 

Although there are no other biomechanical studies in

diabetic mice to our knowledge, our results are also

consistent with data accumulated from rat diabetic

models. Diabetes in rats is commonly induced with an

injection of streptozotocin to destroy β islet cells9,10.

This quickly leads to insulin deficiency and a non-

controlled diabetic state consistent with type 1 dia-

betes. In one study, the biomechanical properties of

the Achilles tendon of rats (Wistar lineage) 10 weeks

after streptozotocin induced diabetes were exam-

ined1. Diabetic rats had decreased elastic modulus,

and higher maximum strain compared with controls9.

Similar studies were conducted by another group in

Lewis rats in which the rats were euthanized 12 and

19 days following diabetes induction. The rat patellar

tendon had a reduced Young’s modulus, but other

parameters were not affected10. The lack of effect in

the parameters was speculated to be due to the short

time after diabetes development. These same rats al-

so were used to analyze repair ability of the

supraspinatus tendon11. The enthesis of diabetic ani-

mals had a significantly reduced ultimate load-to-fail-

ure and stiffness compared with control animals. One

of the short comings of streptozotocin use is the rela-

tively short length of time that animals can be fol-

lowed after diabetes induction, cytotoxic effect on

other cells in addition to the beta islet cells, and po-

tential re-growth of beta islet cells12.  

In addition to the rat study in vitro analysis of rabbit

Achilles tendons have been performed. New Zealand

white rabbit Achilles tendon were exposed to ribose

in the media compared with control media for 8

weeks. Biomechanical testing of the glycated tendons

(those exposed to ribose) showed increased maxi-

mum load, stress, strain, modulus, and toughness13.

This data demonstrates the ability of glycogen to ef-

fect tendon biomechanics even in vitro further sup-

porting the role of advanced glycation end-products in

Achilles tendon alterations. 

The initiating cause of diabetic foot ulcers in humans
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Figure 1. Representative Achilles tendon histologic photographs of db/db (a, c) and wild type (b, d) C57Bl/6J mice. Figure

(a) and (b) are at the calcaneus insertion and figures (c) and (d) are of the midsubstance. Note the mild neutrophil infiltration

and disruption of the normal architecture in figure a. H&E, bar= 100µ. 

a b

c d
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is multimodal. A combination of neurologic, infec-

tious, structural, vascular and physiologic changes

resulting from the diabetes are believed to play a

role14,15. For example, epidemiologic studies in dia-

betics with foot ulcers show the prevalence of mi-

crovascular and macrovascular complications is

about 46% and 65%, respectively. Further, among

those with a lower extremity amputation, the preva-

lence of microvascular and macrovascular complica-

tions is about 46% and 76%, respectively5. The vas-

cular change is speculated to lead to poor oxygena-

tion of the tendon and thus alteration of the extra-cel-

lular matrix composition including collagen.

The other component of altered gait is the change in

tendon and joint mobility. Diabetic patients without

neuropathy were examined for alteration in tendon

and muscle stretch distribution during walking. Ten-

don length changes were attenuated in diabetic pa-

tients compared to controls4. There is also increased

thickness and stiffness of the Achilles tendon3,16, and

decreased joint mobility17, which alters the biome-

chanics of the foot-ankle complex. Changes in tendon

mechanical properties are caused by non-enzymatic

glycosylation of collagen with advanced glycation

end-products, which causes an increase in collagen

crosslinks17.  Combined with the neurologic and vas-

cular alterations, these changes are believed to all

contribute to increasing susceptibility to foot ulcers. 

Tendon stiffness is central to proper function, and

how tendon structure relates to function is critical to

understanding tendon pathology18. In humans, the

Achilles tendon thickness is increased as a result of

running in both over weight and normal weight adult

males, and also in sedentary over weight adult

males19.  There is also an increase stiffness of ten-

dons as a result of chronic diabetes3,16,20. Interesting-

ly there was a reduced stiffness of Achilles tendons in

the db/db mice, opposite of what was originally hy-

pothesized. We also found that db/db mice tendons

had significantly reduced elastic modulus. This differ-

ence between human diabetic patients who have in-

creased tendon stiffness3,16,20 and reduced stiffness

or modulus in rodent models9-11 including our study

requires further analysis to determine the cause. 

The results of this study show that the db/db mouse

is a potential diabetic model for future studies to im-

prove the tendon histologic and biomechanical alter-

ations. Future studies will include determine the pro-

gression of the disease in db/db mice and analysis of

therapeutic effects on tendon biomechanical, bio-

chemical and histologic parameters.   
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