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Abstract—The aim of this study was to quantify the effect of
chemically induced diabetes mellitus (DM) on the mechanical
properties of the Achilles tendon of rats and correlate it with
metabolic and biomechanical findings. Adult rats were
selected randomly and assigned to two groups, the diabetic
group consisted of animals receiving a dose of streptozotocin
to induce type I diabetes and the control group. The animals
were placed in metabolic cages for analysis of metabolism.
Ten weeks after diabetes induction, the Achilles tendon of
both groups were collected and submitted to a traction test
in a conventional testing machine. The measurements of
mechanical properties indicated that the elastic modulus
(MPa) was significantly higher in the control group
(p< 0.01). In Maximum tension (MPa), the groups did not
have differences (p> 0.01). Energy/tendon area (N mm/
mm2), specific strain (%) and maximum specific strain (mm)
were higher in tendon tests of the diabetic group (p< 0.01).
We observed that the mechanical properties of tendons have
correlations with metabolic properties of the diabetic ani-
mals. These results showed that induced DM in rats have an
important negative effect on the mechanical properties of the
Achilles tendon.

Keywords—Diabetes mellitus, Achilles tendon, Mechanical

properties, Animal model.

INTRODUCTION

In studying complications of chronic diabetes, reti-
nopathy and nephropathy have naturally been the
focus of much evaluation and publication due to the
gravity of these complications. However, little attention
has been paid to alterations in the muscular–skeletal
system, which can contribute to a decline in the general
state of health of diabetic people.1,10 Details about the
relationship between diabetes and tendinopathy still
remain unclear,1,2,5,14 nevertheless, case reports and
some epidemiological studies frequently emphasize the
possible connection between diabetes mellitus (DM)
and alterations to tendons in various parts of the
body.12,25 There is now evidence that diabetes may alter
Achilles tendon stiffness and thickening, predisposing
the patient to foot ulceration.24

Specifically, the effect of DM on collagen structure
of tendons is still not well established.1,2,5,14 Among
preliminary work on this matter, a study realized by
Monnier et al.20 found collagen alterations in diabetic
individuals, speculating that diabetes could promote an
effect similar to aging on the musculoskeletal system.

To evaluate possible tendon alterations in dia-
betic patients, some researchers have investigated the
increase of thickness, fiber organization and pres-
ence of calcification in tendons of patients with DM
using diagnostic imaging methods, most commonly
the musculoskeletal ultrasound,1,2,6,13,31 followed by
computed tomography10 and magnetic resonance
imaging.24
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Only one study14 used electron microscopy to
evaluate samples of the Achilles tendon in diabetic
patients. Several morphological alterations were
observed, such as increased density, irregularity and
smaller fibril diameter and collagen disorganization
with an abnormal configuration.

Besides the occurrence of changes in tendon struc-
ture in diabetic individuals, some studies have exam-
ined the alterations in the biomechanical operation of
the connective tissue. However, these studies do not
refer directly to the diabetes state, but to the effect of
reducing sugars, glucose and ribose, reacting with
collagen to produce non-enzymatic glycation on the
tendon, which leads to biochemical and biomechanical
impairment.26

The mechanical properties of the Achilles tendon
influence the function and performance of the muscu-
loskeletal system during locomotion.7–9,27 The elastic-
ity of tendons increases the efficiency of muscle during
activity cycles such as gait that involves stretching and
contraction of the muscle–tendon complex. Given this,
the mechanical properties of the Achilles tendon
reduce the work required of the muscle. This makes it
possible for the gesture of locomotion, which would be
mechanically unfavorable for muscle alone, to be
performed using less energy.7,15,27

Several studies have evaluated the mechanical
properties of tendons and documented their plasticity
in response to different situations, such as immobili-
zation and/or suspension,3,22 vibration strength train-
ing,16 tensile strength,32 training strength,19,28,29 and
endurance training.11,16,29,32 In the specific case of
diabetes, there are few studies on the mechanical
properties of tendons.

This study is based on the hypothesis that the
Achilles tendon of diabetic rats with chronic hyper-
glycemia and metabolic dysfunction undergoes chan-
ges in mechanical properties that can be assessed using
a tensile test machine of conventional mechanical
design.

Despite this, no studies have been found concerning
the effect of chemically induced DM on the mechanical
properties of the Achilles tendon in animals. There-
fore, the aim of this study was to quantify the effect of
chemically induced DM on mechanical properties of
the Achilles tendon in rats and correlate it to clinical
and metabolic findings.

MATERIALS AND METHODS

Animals

For this study, we used 22 male albino rats from the
Wistar lineage, maintained in the vivarium of the

Anatomy Department of the Federal University of
Pernambuco. These animals were kept in an environ-
ment of 23 ± 1 �C, in an inverted cycle of light/dark-
ness (12 h) and they were offered a maintenance diet
(Labina�, Purina) and water ad libitum in the vivar-
ium. When they reached the age of 70 days, these
animals were randomly distributed into two groups:
control group—CG (n = 11), consisting of healthy rats
(not diabetic) and diabetic group—DG (n = 11).
However, due to complications of DM, four animals
were excluded from the study.

Type I diabetes was induced when the rats reached
an age of 70 days and mass of 323.11 ± 19.38 g
through a single intraperitoneal injection of a strep-
tozotocin solution (Sigma Chemical Co, USA), after
fasting for 12 h. The streptozotocin (STZ) was diluted
in a sodium citrate buffering solution (10 mM) at pH
4.5 and administered in a single dose of 60 mg/kg of
the animal’s weight, carefully measured in a precision
digital balance (Model BS3000A Bioprecisa, BR.). The
non-diabetic animals received the same equivalent
doses of a citrate sodium buffering solution, and
30 min after treatment the animals in both groups were
fed, according to the protocol to induce diabetes
described by Szkudelski.30 The protocol was approved
by the Ethics Committee of Animal Experimentation
of Federal University of Pernambuco, UFPE.

Laboratory Evaluation

Five animals were randomly selected from each
experimental group, and placed in individual meta-
bolic cages (TECNIPLAST 3701m081) for a 72 h
period, registering with their weight (g), water intake
(mL/24 h), food intake (g/24 h), diuresis (mL/24 h)
and collecting blood and urine, for dosages of blood
glucose (mg/dL) and urinary volume (mL), respec-
tively, every 24 h. The methods for collection were
similar to the study of Lerco et al.17

The metabolic analyses were performed on three
occasions: (1) when the animals were 63 days old
(1 week before the induction of DM); (2) 7 days after
the induction of DM; (3) 10 weeks after DM induction.
The analyses were applied at the same times to the
control group.

Tissue Preparation

In the 10th week, after the final analysis in the
metabolic cage, the rats of both groups were anesthe-
tized with a solution of Xylazine (Rompum�, Bayer)
(10 mg/kg) and Ketamine Chloridrate (Ketalar�)
(25 mg/kg), 0.10 mL per 100 g weight. An incision was
made along the posterior surface of the right leg, fol-
lowed by the detachment of the Achilles tendon. This
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complex was dissected from the soft tissue proximally
above the muscle–tendon junction, and distally, the
tendon attachment to the calcaneus bone was pre-
served. After the removal of the samples, the animals
were killed.

The Achilles tendons were transported in a thermal
container, covered with gauze slightly moistened with
a saline solution 9% and sent for analysis of con-
ventional mechanical testing immediately after its
removal.

Mechanical Testing

The tendon–bone complex was attached to metal
connectors (2.5 9 3.5 cm) with the serrated surface to
the outside. This was secured to a conventional
mechanical testing machine (EMIC, DL 500 model,
Brazil) through a self-locking system by leverage,
Fig. 1. To reinforce the interface between the metal
connectors and the muscle–tendon junction (proxi-
mally) and the tendon–bone complex (distally) we used
cyanoacrylate. During this procedure, we were very
careful to not let the gel spread over the tendon.

The tendons were tensioned to the point of failure of
the specimen, at a speed of 0.1 mm/s, and the strength
was constantly measured by a load cell of 500 N; the
dislocation of the specimen was registered automati-
cally by the software TESC (Test Script) for automatic
testing, compatible to the microprocessor testing
machines, an EMIC product. The parameters studied
were the elastic modulus (MPa), maximum tension
(MPa), maximum specific strain (mm), energy/tendon

area that corresponds to the area below the stress–
strain curve (N mm/mm2) and cross-sectional area
(mm2). Data were recorded automatically by the soft-
ware TESC—Test Script Automation testing, consis-
tent with the testing machine microprocessor EMIC.

The cross-sectional area (CSA) of the unloaded
tendon for the conventional mechanical testing was
estimated according to the formula for determining the
area of an ellipse: CSA ¼ D�T

4

� �
p; where D = width of

the middle third of the tendon, T = thickness of the
middle third of the tendon. This geometric shape is the
closest to the observed transversal sections of the ten-
don. The measurements of thickness and width of the
tendon were obtained using a caliper.

Statistical Analysis

To describe the sample characteristics we used
descriptive measurements, such as measure of central
tendency (mean) and dispersion (standard deviation).
To compare the mean variables between the various
treatments we used the Student t test for the indepen-
dent sample analysis to compare the control group and
the diabetic group and the Pearson Correlation Coef-
ficient for the analysis between the metabolic variables
and the mechanical property variables. Data were
analyzed with the SPSS software (Statistical Package
for Social Sciences). We accepted 1% as the signifi-
cance level.

RESULTS

On the day of biomechanical testing, the animal’s
body weight was 416 ± 38.73 g in the control group
and 272 ± 48.73 g in the diabetes group, the latter
showing a reduction of 34% of the body weight
(p< 0.01).

To minimize the influence of body weight in each
group on the results of water intake (mL/24 h), food
intake (g/24 h), and diuresis (mL/24 h), we present
and discuss these results normalized to 100 g of the
animal’s weight.

In the first metabolic evaluation, water intake (mL/
100 g), food intake (g/100 g), diuresis (mL/100 g), as
well as blood glucose and body weight, did not show
statistical differences between the study groups. How-
ever, in the second and third analyses these parameters
were significantly increased (p< 0.01) in diabetic
group (Table 1).

Biomechanical tests showed statistical differences in
biomechanical properties of the Achilles tendon
between control and diabetic groups.

The typical stress–strain curve of the rat Achilles
tendon is represented in Fig. 2, where it is shown as a

FIGURE 1. Mechanical testing of the Achilles tendon. (a)
Tendon–muscle complex was attached to metal connectors
(2.5 3 3.5 cm). (b) Calcaneus was fixed by to metal connectors
(2.5 3 3.5 cm). Lo, original length of the tendon.
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classic non-linear shape and it is divided into two
regions. The initial region is characterized by low
stiffness of the tendon and with the collagen fibers
stretching to approximately 4 to 15%. Then the second
region starts. This is considered linear, because with
the increment in traction, the tendon offers resistance
and the slope stress–strain curve becomes almost
constant. An additional increment in maximum strain
results in tissue failure which is associated with a
drastic tension decrease.3

The measurements of mechanical properties showed
that the elastic modulus (MPa) was significantly higher
in the control group (p< 0.01). However, when we
analyzed maximum tension (MPa) the groups did not
show statistical significance (p> 0.01). Specific strain
(%), maximum tension strain (mm), and energy/
tendon area (N mm/mm2) were higher in the tendon
tests of diabetic group (p< 0.01). The cross-sectional
area (mm2) of the tendon was greater in the control
group when compared to the diabetic group (p< 0.01)
(Table 2).

Achilles tendon mechanical properties were corre-
lated with the results of the metabolic and clinical
results, before the euthanasia of the animals. We
observed that maximum tension strain has a strong
correlation with the water intake of the CG (r = 0.975;
p = 0.005) and shows, as well, a substantial correlation
with the diuresis of the diabetic group (r = 0.975;
p = 0.037). The cross-sectional area showed a strong
correlation with the diabetic animals’ weight (r = 0.90;
p = 0.037) and with diuresis (r = 0.99; p = 0.001).
Other mechanical properties did not show correlations
with the metabolic and clinical variables.

DISCUSSION

We chose the Achilles tendon due to its function
and superficial location. Furthermore, some research
with humans showed that DM can change the thick-
ness and integrity of this tendon 2,6,14,31 and another
study describes that morphological alterations in the

TABLE 1. Weight and metabolic assessment of the animals from diabetic and control groups in the periods before and after
induction and pre-collection.

Variable

Pre-induction After induction (7 days) Pre-harvest (10 weeks)

CG DG CG DG CG DG

Weight (g) 305.1 (13.77) 331.8 (10.15) 377.6 (15.76) 280.1 (10.60)* 437.4 (16.34) 236.0 (13.10)*

Ingested solids (g/100 g) 14.84 (0.43) 13.56 (1.26) 8.00 (0.28) 18.24 (0.26)* 6.24 (0.16) 20.83 (1.51)*

Ingested liquids (mL/100 g) 19.21 (0.54) 16.41 (0.81) 13.25 (0.85) 95.92 (5.96)* 11.01 (0.57) 111.15 (11.11)*

Diuresis (mL/100 g) 4.79 (0.27) 4.57 (0.16) 2.99 (0.08) 72.97 (6.14)* 2.95 (0.19) 95.36 (9.54)*

Glucose (mg/dL) 110.2 (3.08) 112.40 (5.96) 109.60 (2.46) 362.4 (28.76)* 94.40 (3.35) 564.2 (16.02)*

Creatinine (mg/dL) 2.78 (0.06) 2.52 (0.14) 2.18 (0.20) 0.27 (0.03)* 2.53 (0.15) 0.12 (0.3)*

Statistical analysis and comparison of means for independent samples. Student t test values expressed as mean (X), standard deviation

(SD).

* p < 0.01.

FIGURE 2. Classic stress–strain curve of the rat Achilles
tendon. It shows the initial region characterized by low stiff-
ness of the tendon and the second region, represented by the
elastic modulus.

TABLE 2. Evaluation of mechanical properties of the
Achilles tendon in diabetic and control groups.

Parameters

Control group

(n = 11)

Diabetic group

(n = 7)

Elastic modulus

(MPa)

10.17 ± 4.90 3.73 ± 1.79*

Maximum tension

(MPa)

5.48 ± 2.24 7.58 ± 2.26

Specific strain (%) 113.62 ± 34.40 198.99 ± 57.94*

Maximum tension

strain (mm)

5.44 ± 1.86 9.51 ± 3.66*

Energy/tendon area

(N mm/mm2)

16.87 ± 8.20 47.29 ± 16.14*

Cross-sectional

area (mm2)

6.76 ± 2.76 3.68 ± 0.56*

Initial length (mm) 4.85 ± 0.94 4.77 ± 0.78

n = number of animals/group; Student t test values expressed as

mean (X), standard deviation (SD).

* p < 0.01.
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structure of the Achilles tendon can predispose
patients to develop ‘‘diabetic foot’’.13

The method of analysis of mechanical properties in
Achilles tendon is similar to the studies of Almeida-
Silveira et al. and Reddy et al.3,26 Moreover, it is
known that mechanical properties of biological tissues
can change according to age and the mammalian spe-
cies evaluated, and therefore this study aims to com-
pare the results of mechanical tests between the groups
we studied rather than the values published in the
literature.

Our study produced distinct results in the mechan-
ical properties of the Achilles tendon in the groups we
examined. When compared to the control group, DM
was found to result in significant decreases of 63.3% in
elastic modulus and of 45.8% in the cross-sectional
area and increases of 75.1% in specific strain proper-
ties, of 74.8% in the maximum tension strain and of
180% in energy/area.

The elastic modulus is taken to be the slope of the
best-fit straight line through the approximately linear
region of the stress–strain curve,26 however, in bio-
logical materials it refers not only to elasticity, but also
to visco-elasticity and failure (rupture) results.3,23,33

Nevertheless, the reduction of elastic modulus in DM
Achilles tendon was observed, and this corroborates
with the results of Reddy et al.,26 who described, when
they studied the mechanical properties of the Achilles

tendon with non-enzymatic glycation, a process that
happens in DM, that tendons are stiffer and the elastic
and visco-elastic properties have alterations.

We showed that the differences in cross-sectional
area cannot be attributed only to the alterations in
collagen components.18 The results of this study cor-
roborate with these findings, since the cross-sectional
area of tendons has a strong correlation with the
weight and diuresis of diabetic animals.

According to Muller et al.,21 with the reduction of
elastic and visco-elastic properties, the capacity of the
tendon to resist strain when stressed will be dimin-
ished, which agrees with the results of specific strain
and maximum tension strain of this study. This
research showed that on diabetic group, the stress–
strain curve has a lower slope (elastic modulus) when
compared to the control group. This indicates more
rigidity on the early traction and therefore less
mechanical efficiency of the Achilles tendon to resist
the stress (Fig. 3).

The energy/area tendon is the resource that the
tissue has to absorb the energy in the cross-sectional
area of the tendon, indicating that if the energy
absorption is higher this could lead to a lower efficiency
of the structure. The collagen in connective tissue has
organized fibers in parallel matrices to facilitate trans-
mission of the energy (forces) of the muscle to the bone.
In the presence ofDMand non-enzymatic glycolization,

FIGURE 3. Comparison of the mean stress–strain curve of the Achilles tendon in two groups of rats: diabetic group (DG) and
control group (CG).
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manifestations could occur in physical properties of the
tendon leading to a disorganization of fibers and con-
sequently greater energy absorption and lower resis-
tance of the tissue; this abnormality has been observed
in other experimental studies of animal skin and
tendon.4,21,26

Grant et al.14 demonstrated that the collagen fibers
of the Achilles tendon in DM patients have a smaller
diameter, are denser, stiffer and have morphological
changes when compared to the collagen fibers in ten-
dons of non-diabetic patients. Other authors correlate
the alterations in visco-elastic capacity and, conse-
quently, a lower capacity to dissipate energy, of the
tendon with stress fractures and with skin injuries and
feet collapse.14,26,34

Although we cannot explain the causal relationship
between metabolic aspects with mechanical properties,
this study shows important correlations between nor-
mal hydration of the animal with strain characteristics,
also normalized. Furthermore, metabolic alterations
due to DM, such as the great volume of diuresis, have
strong correlations to the detectable increase in strain
(r = 0.975; p = 0.037). Possibly, the hyperglycemic
state can be a confounding variable.

In the diabetic patient, dysfunctional, mechanical
alterations or a ruptured Achilles tendon will predict-
ably lead to further morbidity. The inability of the foot
to clear the ground during the stance phase of gait,
increased plantar pressures and eventual attenuation of
the tibialis anterior tendon, are all likely consequences
of an absent, ruptured, or dysfunctional Achilles ten-
don. Restoration of the function of Achilles tendon
may resolve these pathologies and restore normal
function to the foot and reduce biomechanical com-
plications, and this may be particularly important in
diabetic patients.

To analyze the mechanical properties on Achilles
tendons we used a conventional mechanical traction
performed in a single strain, therefore, the visco-elastic
components of the tendons could not be separately
quantified. The vitro analysis does not reflect impor-
tant aspects such as the tipping point of the tendon
insertion into calcaneus bone and the lack of activity of
the triceps surae muscle. Other researches should be
realized, describing the causality of these mechanical
alterations on Achilles tendons.

CONCLUSIONS

The mechanical properties in tendons of animals
chemically induced to DM have significant alterations
when compared to a control group. The mechanical
properties alterations of tendons can reduce the
threshold of energy transmission to the periphery and

predispose the tendon to premature rupture due to
stress. This study may be useful to better understand
the complications of musculoskeletal system caused
by DM.
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Acta Ortop. Brasil. 12:134–140, 2004.

22Natali, L. H., et al. Efeitos da corrida em esteira em
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