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Abstract Diabetes mellitus (DM) is associated with muscu-
loskeletal damage. Investigations have indicated that healing
of the surgically tenotomized Achilles tendon was consider-
ably augmented following low-level laser therapy (LLLT) in
non-diabetic, healthy animals. The aim of the present study
was to evaluate the effect of LLLT on the Achilles tendon
healing in streptozotocin-induced diabetic (STZ-D) rats via a
biomechanical evaluating method. Thirty-three rats were di-
vided into non-diabetic (n=18) and diabetic (n=15) groups.
DM was induced in the rats by injections of STZ. The right
Achilles tendons of all rats were tenotomized 1 month after
STZ injections. The two experimental groups (n=6 for each
group) of non-diabetic rats were irradiated with a helium—
neon (He-Ne) laser at 2.9 and 11.5 J/em? for ten consecutive
days. The two experimental groups of diabetic rats (n=5 for
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each group) were irradiated with a He—Ne laser at 2.9 and
4.3 J/em? for ten consecutive days. The tendons were submit-
ted to a tensiometric test. Significant improvements in the
maximum stress (MS) values (Newton per square millimeter)
were found following LLLT at 2.9 J/em® in both the non-
diabetic (p=0.031) and diabetic (»p=0.019) experimental
groups when compared with their control groups. LLLT at
2.9 J/em?® to the tenotomized Achilles tendons in the non-
diabetic and diabetic rats significantly increased the strength
and MS of repairing Achilles tendons in our study.

Keywords Type 1 diabetes - Low-level laser therapy -
Achilles tendon - Tendon healing process - Tensiometry - Rat

Introduction

Diabetes mellitus (DM) is defined by chronic elevations in
blood sugar levels, which ultimately cause serious long-term
complications throughout the body [1]. DM is a relatively
common disease with major public health implications. Al-
though much has been written regarding the clinical manifes-
tations, treatment, and pathology of DM, it remains a major
health concern due to its rising rates around the world [2]. Boyle
et al. have reported that the annual diagnosed DM incidence
will increase from about eight cases per 1,000 in 2010 to about
15 per 1,000 in 2050 [3]. Not only is DM associated with
musculoskeletal [4, 5], microvascular, and macrovascular dam-
age (which accounts for DM-related morbidity and mortality)
but it also causes such complications as retinopathy, arterio-
pathy, peripheral neuropathy, and poor wound healing [6].
Diabetics are also more prone to develop problems with mus-
culoskeletal systems than normal people [7—10].

Tendons are soft connective tissues that consist of paral-
lel collagen fibers embedded within an extracellular matrix.
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This organized structure allows tendons to withstand and
transmit large forces between the muscle and bone [11]. DM
causes a wide range of musculoskeletal disorders, including
calcific shoulder periarthritis (tendinitis) [12], Achilles ten-
don thickening [13], wound complications after tendon re-
pair [14, 15], and tendon ruptures [16, 17].

Some studies have indicated that streptozotocin-induced
diabetic (STZ-D) rats serve as useful models for the mecha-
nisms related to tendon healing [18-20]. The clinical applica-
tion of low-level laser therapy (LLLT) is growing rapidly [21].
In 1968, Mester and colleagues have first reported the earliest
clinical application of LLLT [22].

The initial works of Enwemeka’s laboratory indicated that
healing of surgically tenotomized Achilles tendons was con-
siderably augmented following helium—neon (He—Ne) laser
treatments [23-25]. In these studies, the beneficial effects of
LLLT were studied by analyzing morphometrical, ultrastruc-
tural, and biomechanical evaluations in healing Achilles ten-
dons in rabbits [23-25].

Since non-diabetic wounds generally heal well without any
intervention, healing impaired wounds provides a better model
to evaluate the potential beneficial effects of LLLT [26]. It is
well-known that diabetes interferes with the normal tendon and
tendon healing process [12-20, 27] and thus poses a serious
challenge in clinical medicine. A review of the available liter-
ature has shown that although the effects of LLLT on tendon
injuries have been thoroughly studied in non-diabetic animals
[23-25, 28-30], the impact of LLLT on the Achilles tendon
healing in STZ-D rats has not yet been characterized. Only
some studies have reported positive effects of LLLT on dia-
betic skin wound healing in rats [26, 31]. Such information will
assist clinicians with their choice of treatment for tendon heal-
ing in diabetic patients. The present study determined the
effects of LLLT with a He—Ne laser on the healing of com-
pletely transected Achilles tendons in STZ-D rats.

Materials and methods
Animals and study design

A total of 33 5-month-old male Wistar rats weighing about
300 g were obtained from the Pasteur Institute of Iran, Tehran,
Iran. Rats were randomly divided into group 1 (non-diabetic,
LLLT with 2.9 J/cm?), group 2 (non-diabetic, LLLT with
11.5 J/em?), group 3 (non-diabetic, no LLLT), group 4 (dia-
betic, LLLT with 2.9 J/em?), group 5 (diabetic, LLLT with
4.3 J/em?), and group 6 (diabetic, no LLLT). Rats were housed
individually in standard rat cages made of polypropylene in a
12-h light/dark environment. The animals were provided with
water and standard food ad libitum. All procedures were
approved by the Medical Ethics Committee of Shaheed
Beheshti University MC (protocol no. 13/15183) Tehran, Iran.
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There were six rats in each of the non-diabetic groups and five
in each of the diabetic groups.

Induction of type I diabetes

Type I diabetes was induced in groups 4, 5, and 6 by intraper-
itoneal injections of the pancreatic 3-cell toxin STZ (Zanosar
Pharmacia and Upjohn Co, Kalamazoo, MI, USA) freshly
dissolved in sterile distilled water (pH=7.3) at a single dose
of 55 mg/kg body weight [32]. The non-diabetic rats received
control injections of distilled water. Diabetes was defined as a
blood glucose concentration greater than 250 mg/dl in a distal
tail small injury sample (GM 300, Biomince, GM H, Heer-
brugg, Switzerland) 7 days after STZ injection [32]. The blood
glucose level and body weight of the rats were monitored every
2 weeks throughout the study. All diabetic rats were kept for
30 days after the STZ injection before being sacrificed on
day 40 after the STZ injection for tensiometric examination
[20]. Four diabetic rats died during the experiment due to
unknown reasons and were replaced. Diabetes was induced
in all the new rats by using the same procedures.

Tenotomy

Rats were anesthetized by using 50 mg/kg ketamine hydro-
chloride intramuscularly injected along with 5 mg/kg diaze-
pam. The skin cover around the right Achilles tendon was
shaved and thoroughly scrubbed. The tendon was approached
by a medial skin incision and then released from the surround-
ing soft connective tissue via this incision. The tendinous
portion of the plantaris was removed to prevent any possibility
of an internal splint. The Achilles tendon was cut sharply and
transversely with a scalpel 5 mm above its insertion into the
calcaneus. Both ends of the transected Achilles tendon were
approximated and immediately repaired with 4.0 nylon, using a
modified Kessler suture technique, and the skin was then
sutured. No operation was performed on the left uninjured hind
limb, no cast or dressing was applied, and the animals were
unrestricted during the healing phase [20, 33, 34].

LLLT

We used a He—Ne laser (THORLAB, USA) with 632.8 nm
wavelength, 7.2 mW average power, circular beam shape,
0.00524 c¢m? surface area, and 1.4 W/em?. LLLT was started
immediately after surgery and skin suturing (day 0). Energy
densities of 2.9 J/em® were used for 2 s to irradiate each point
in groups 1 and 4, 11.5 J/em?® was used for 8 s to irradiate each
point in group 2, and 4.3 J/em? for 3 s was used to irradiate
each point in group 5. The surface area of the target tissue was
comprised of the repairing tissue at the center and both ends of
the transected tendon in its proximal and distal positions
(Fig. 1a); sequential treatment was undertaken to ensure that



Lasers Med Sci (2013) 28:399-405

401

every unit area received a similar dosage of light energy [32,
35]. The target tissue area was considered to be an 11 x4-mm
rectangle, divided equally into 44 points. The laser probe was
positioned perpendicularly near (<1 cm) the surface of the
target tissue (repairing Achilles tendon) [32, 35]. Sequential
treatment was commenced from point no. 1 and terminated at
point no. 44 (Fig. 1a). During treatment, the irradiated animals
were sedated by 1/2 dose of anesthetizing drugs. Animals
were kept in a special restrainer, from which their forelimbs
and hind limbs were extended by extension at the knee joints
and plantar flexion in the ankle joints.

Biomechanical test

On day 10 [36], the rats were killed by chloroform inhala-
tion in a closed space. Each tendon was excised from the
musculotendinous junction proximally after it had been
carefully dissected from the surrounding tissues. The tendon
with the attaching calcaneus (bone) was removed [36]. The
excised tendons were frozen in 0.9% NaCl solution at —20°C.
On the day of the biomechanical test, specimens were
retrieved from the freezer and allowed to thaw at room
temperature. After thawing, specimens were kept moist-
ened with a 0.9% NaCl solution. The transverse and anterior—
posterior diameters of the specimens (repairing tissue) were
measured as an index of the cross-sectional area (thickness),
by a digital caliper. The musculotendinous end was fixed
between two paper strips to the upper jaw, and the calcaneus
was mounted onto the lower jaw of the machine. Biomechan-
ical measurements were carried out using a material testing
machine (Zwick/Roell, Germany). Tensile load was then ap-
plied at a displacement rate of 1 mm/s, and the load character-
istics were directly plotted on an X—Y chart recorder. A typical
load—deformation curve, identifying both elastic (linear) and
plastic resistance components until failure, separated by
“yielding point” (departure from linearity), is depicted in
Fig. 1b.
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Fig. 1 a Schematic depiction of the repairing Achilles tendon and laser-
treated points. Laser irradiation was commenced at point no. 1; continued
at point nos. 4 and 5, 41; and terminated at point no. 44. b Schematic

From the load—deformation curve, the following biome-
chanical properties were automatically calculated:

I- Maximum load (ML; Newton) was measured directly
from the load—deformation curve; it represented the
maximum tensile force applied to rupture the specimen.

2- Maximum stress (MS; Newton per square millimeter)
was calculated as the maximum load divided by the
cross-sectional area of the tendon [20, 26, 31, 34].

Statistical analysis

Data were analyzed by both the paired and independent
sample Student ¢ tests. In all analyses, p<0.05 was consid-
ered statistically significant. The data of groups 1, 3, 4, and
6 were subjected to one-way of analysis variance (ANOVA)
too. Multiple comparisons were performed using the least
significant difference (LSD). The data were expressed as
mean+SD.

Results
General observations

There was no evidence of infection in the tenotomized rats
during laser treatments. All 15 rats in groups 4, 5, and 6
developed clinical evidence of diabetes following STZ injec-
tions. Our paired Student ¢ test showed that the body weights
of the diabetic rats significantly decreased at the time of
tendon sampling when compared to the beginning of the study
(322.7+13.7 vs. 225.8+20.1; p=0.002). Diabetic rats were
noted to have frequent urination during the course of study,
which was a sign of uncontrolled diabetes. Blood glucose
levels rose to 301.6+35.9 mg/dl in the diabetic rats 1 week
after STZ injections and further increased to 460.8+66.6
mg/dl at the time of tendon sampling.

Yield

Maximum Load

Displacement (mm)
representation of the load—deformation curve of the repairing Achilles

tendon. The graph illustrates ML derived from the material testing
machine and its computer
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Biomechanical test

Biomechanical analyses of the repairing Achilles tendons in
the diabetic rats showed that LLLT significantly increased
both ML and MS in group 4 when compared with the non-
irradiated control diabetic rats from group 6. This examination
yielded an ML of 25.1£4.9 N for the diabetic laser-treated
tendons and an ML 0f 9.4+6.6 N for diabetic control tendons
(»p=0.003). MS was 2.7+0.5 N/mm? for the diabetic laser-
treated tendons and 1.8+£0.9 N/mm? for the diabetic control
tendons (p=0.019; Figs. 2 and 3).

Biomechanical analysis of the repairing Achilles tendons
indicated that LLLT significantly increased MS of the laser-
treated rats in group 1 when compared with the non-irradiated
control rats in group 3 (5.0£0.98 vs. 2.6+1.6 N/mm?; p=
0.031; Fig. 3). Statistical analysis of the repairing Achilles
tendons revealed that LLLT did not increase any of the bio-
mechanical parameters of the laser-treated non-diabetic rats
from group 2 compared with the non-diabetic control rats of
group 3. LLLT significantly increased ML of the repairing
Achilles tendons in the laser-treated diabetic rats of group 5
compared to the non-irradiated diabetic rats of group 6 (p=
0.015; Fig. 2).

ANOVA showed LLLT significantly increased ML of
group 1 than that of group 6 (LSD test: p=0.005). ML of
group 4 was significantly higher than those of groups 3 and 6
(LSD test: p=0.028 and p=0.002, respectively). ANOVA
showed LLLT significantly increased MS of group 1 than
those of groups 3, 4, and 6 (LSD test: p=0.004, p=0.006,
p=0.000, respectively).

Discussion
Our results show that LLLT, at the wavelength and energy

densities used in the present work, improved the healing
process of tenotomized Achilles tendons as evaluated by a

Fig. 2 Mean=SD of the 35
maximum load of groups
1-6. There were significant 30 4

differences between groups
4 and 5 and group 6

biomechanical test of the repairing tendon in non-diabetic and
diabetic rats. The best significant response was observed in the
rats of groups 1 and 4. The biomechanical test has already
been utilized in the evaluation of tendon injury in studies on
laser-treated animals [24, 29, 37].

In our non-diabetic rats, the repairing Achilles ten-
dons showed a significant increase in MS with LLLT at
the 2.9-J/cm> energy density on day 10 post-injury when
compared with its relevant control. Our biomechanical analy-
sis indicated that the repairing Achilles tendons in the non-
diabetic rats who received laser treatments were stronger when
the ML (strength) was normalized for variation in size of the
injury site of the tendon (MS). This finding proved that an
optimal energy density of LLLT was effective in tendon heal-
ing and significantly increased MS of the repairing Achilles
tendon in non-diabetic rats, which supported the findings of
previous studies [24, 29, 37].

The effects of 1-, 2-, 3-, 4-, and 5-mJ/cm* He-Ne and Ga—
As lasers [24] as well as the 1-J/em® He—Ne laser [29] on
surgically tenotomized Achilles tendons in rabbits have been
previously studied. In these studies, the operated hind limbs
were immobilized. Enwemeka [24] showed that, regardless of
the type of laser used, exposure to the laser beam enhanced the
tensile stress but not the ultimate tensile strength and energy
absorption capacity of tendons. Elwakil found better biome-
chanical properties of laser-treated tendons with statistical sig-
nificance (p<0.01) for most of the biomechanical parameters
[29].

In our non-diabetic rats, the results from the biomechanical
test indicated that the repairing Achilles tendons showed a
significant increase in MS with LLLT at the 2.9-J/cm® energy
density at day 10 post-injury when compared with the relevant
control. In addition, a marginal increase in ML was observed.
In our diabetic rats, the results from the biomechanical test
revealed that the He—Ne laser at 2.9 J/cm? (group 4) and 4.3
Jem? (group 5) energy densities significantly accelerated
tendon healing. The best response was observed in the laser-
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O3 NODIABETES, NOLLLT (CONTROL)
@2 NODIABETES, LLLT 11.5 J/CM?

(independent sample Student 5 A
t test; p=0.003 and
p=0.015, respectively). 20 4
*p<0.05; **p<0.01 z
15 4
10 A
S 4
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treated animals from group 4. The laser-treated animals in
group 5 exhibited a significant increase in ML compared to
the controls. The laser-treated animals in group 4 showed a
significant increase in ML and MS compared to the controls.

A reason for the lack of statistically significant improvement
in all biomechanical parameters with LLLT in the non-diabetic
rats of the current study and the statistically significant increase
in most biomechanical parameters of the diabetic rats of this
study may be due to evidence that the effect of LLLT is also
dependent on the physiologic state of the tissue at the exposure
time [38, 39]. In the current study, although treatment at 2.9
J/em? only significantly increased MS in the non-diabetic rats,
it seems to have caused a significant increase in ML and MS of
the in the diabetic rats.

There is a wide variation in recommendations for the opti-
mal energy density of LLLT (1 mJ/em® to 10 J/cm?) for a trans-
sectional model of the Achilles tendon injury [23, 30]. Gener-
ally, a 632.8-904-nm wavelength laser is used [28, 40]. For the
He—Ne laser, a 632.8-nm wavelength is most frequently
employed for Achilles tendon healing [23-25, 28, 29]. Thus,
we used a laser with a wavelength of 632.8 nm and energy
densities of 2.9-11.5 J/cm?.

The results of the present study on non-diabetic rats agreed
with those of other studies on the benefits of the use of LLLT
for the treatment of the tenotomized Achilles tendon injury
[23-25, 28-30, 40]. A salient finding of our work was that the
laser-treated rats at 2.9 J/cm? (diabetic rats, group 4) had a
significantly higher ML (p=0.003) and MS (p=0.019) when
compared with the control group (Figs. 2 and 3). The remain-
ing laser-treated groups (diabetic rats of group 5 and non-
diabetic rats of groups 1 and 2) had higher biomechanical
values than their controls, but it was not statistically significant,
with the exception of MS in group 1 (p=0.031) and ML in

MAXIMUM STRESS (N/mm?)

group 5 (p=0.015). This suggests that further studies with a
larger number of animals are necessary to demonstrate whether
LLLT can significantly improve the biomechanical parameters
of the repairing Achilles tendon in diabetic rats.

Our results are in agreement with those of other studies on
the benefits of the use of LLLT for the treatment of skin
wounds in diabetic animals [26, 31]. Healing an impaired
system, such as seen with STZ-D animals, provides a situation
in which the effect of LLLT may be pronounced [26, 31]. In
STZ-D, LLLT has been shown to significantly improve the
tenotomized Achilles tendon at day 10 post-injury. Day 10 is a
critical point during the tendon healing process, when the
tendon has achieved significant strength (failure load 50—
61% of the intact tendon) but is susceptible to retear. Similarly,
the results of the Yuan et al. study have demonstrated that NO-
flurbiprofen significantly enhanced the biomaterial properties
of the healing tendon (maximum load/cross-sectional area) on
postoperative day 10 [36].

The precise mechanism behind the improvement in tendon
healing observed in laser-treated non-diabetic and laser-
treated diabetic rats is unknown. LLLT has been shown to
facilitate collagen production [23-25, 28, 29] and aggregation
of collagen bundles [30], increase the biomechanical parame-
ters of the transected Achilles tendon [24, 29], and reduce
mRNA expression for pro-inflammatory mediators [41] in
non-diabetic animals.

Conclusion
In light of the findings of the present study, we conclude that

LLLT with the He—Ne laser significantly increased the biome-
chanical parameters of the repairing Achilles tendon in both
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non-diabetic and diabetic rats 10 days after complete tendon
transection. The LLLT effects were dependent on the energy
density of the laser. A lower dose (2.9 J/em?) has produced a
more desirable outcome, particularly in our diabetic rats. More
researches with keeping rats for 4 and 8 weeks after surgery
and laser irradiation with higher doses, more than 40 Jem?,
are suggested
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