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SUMMARY

Background. The Achilles tendon is the most injured tendon in humans. There is a
close relationship between changes in the structural composition of the extracellular
matrix and tendon tissue related to age and menopause because estrogen deficiency
can lead to decreased collagen synthesis and a consequent decrease in the strength and
elasticity of tendons, indicating a greater propensity for injuries and ruptures. Howev-
er, there is still a lack of scientific evidence on the relationship between decreased
estrogen levels during menopause and the involvement of this structure. This study
DOI: sought to evaluate the effect of melatonin treatment on the Achilles tendon of ovariec-
10.32098/mlt}.04.2023.01 tomized Wistar rats and investigate the influence of the treatment on tissue structure,
extracellular matrix, and biomechanics.

Materials and methods. Light microscopy and polarized light microscopy were used
to observe the tendon’s morphology using HE and toluidine blue dyes. Tissue biome-
chanics aspects were tested to assess possible functional changes in organ.

Results. Significant changes arose from the ovariectomy processes and melatonin
treatment, including histological changes, GAG profile alterations, and biomechanical
properties. Conclusions. Melatonin reversed some effects of ovariectomy, but also led
to changes in the tendons. Further studies are needed to better understand the rela-
tionship between these factors and to identify dose-dependent effects as well as their
relationship with the pathophysiology of tendinopathies.
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LEVEL OF EVIDENCE: 4

INTRODUCTION

Understanding the structural organization of the extracellu-
lar matrix of tendons remains under scientific investigation
and is related to tissue dynamics with various physiological,

Knowledge of the effects of menopause on female physiol-
ogy has already been established and it can be associated
with various bone, muscular, sexual, vascular, and metabolic
disorders. The tendons can be affected by a varier of ways,

mechanical, and metabolic variables. As a structure of the
musculoskeletal system, it is essential for proper functioning,
converting mechanical stimuli into biochemical signals that
trigger cell signaling responsible for tenocyte activation and
response. This occurs through an extracellular matrix rich in
type I collagen, which ensures its stiffness and elasticity (1, 2).

including changes in composition of GAGs and fibers (3).
In addition, there is an increased incidence of tendon inju-
ries and ruptures among elderly women compared to males
of the same age (4, 5). The calcaneal tendon, also known as
Achilles tendon, is the most frequently affected by ruptures
throughout the human body, with slow and often incom-
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plete recovery, with significant and varied rates of recur-
rence depending on the chosen treatment method (6).
Despite the existence of estrogen replacement therapies that aim
to reduce or eliminate the effects of menopause, there is much
controversy about the effectiveness and safety of these treat-
ments, including the risk of cancer (7, 8). Similarly, the effects
of estrogen supplementation on tendons have little beneficial
evidence and many contradictions, indicating the need for more
studies to understand this relationship (9).

Due to this inconsistency in data and aiming for a safer alter-
native for prevention and possible treatment, some studies have
indicated that melatonin, an endogenous hormone involved
in the circadian cycle, is a promising substance (10). Its role in
menopause is still debated, but evidence shows an important role
in the decline of melatonin secretion and the onset of menopause
after the age of 40 (11). In addition, melatonin was shown to have
effects over chondrocytes and osteoblasts (12), and an important
antioxidant action (13), a function that is important in inhibiting
the etiopathogenesis of tendinopathies and has been shown to be
extremely safe and nontoxic, even at high doses (14).

MATERIALS AND METHODS

The present study is part of a research project titled “Effects
of melatonin on metabolic parameters in ovariectomized Wistar
rats” conducted from August 2021 to November 2022. It was
approved by the Animal Ethics Committee of the Federal
University of Alfenas, Alfenas, Minas Gerais, Brazil (registration
number 0010/2020 — Date of approval: April 14, 2021).

Animals

The animals used were Wistar rats, initially housed in collec-
tive cages (4-5 animals per box) in a maintenance vivarium in
a temperature-controlled room maintained at 21 + 2 °C and
maintained on a controlled 12-hour light-dark cycle. After accli-
matization for 2-3 days, the animals were divided into ovariec-
tomized bilateral or SHAM (fictitious surgery) groups and then
transferred to individual boxes, where they were kept for a
3-week treatment period and received water and standard chow
ad libitum.

Animals were divided into the following experimental groups:
SHAM control (SHAM-C), SHAM treated with melatonin
(SHAM-M), ovariectomized control (OVX-C), and ovariecto-
mized treated with melatonin (OVX-M). Each group consisted
of 8 individuals, totaling 36 animals.

Researchers responsible for the animal care were aware of how
animals were been treated, given the nature of the treatment
(surgeries and melatonin treatment). Since the cages were labeled
using numeric code. the researchers responsible for euthanasia,
tendon removal and sequent experiments were not aware of
group distribution.
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Bilateral ovariectomy and sham surgery

The rats were anesthetized with a mixture of Xylazine Hydro-
chloride (10 mg/Kg) and Ketamine Hydrochloride (90 mg/Kg)
in a volume of 0.1 ml solution for 100 g body mass. The reflexes
of the animals were tested to initiate surgical procedures and to
verify the effectiveness of the anesthetic. Subsequently, the dorsal
region’s hair was trimmed, and the animal was placed in lateral
decubitus position. A longitudinal incision of approximately 1.5
cm was made between the last rib and thigh. Using forceps, the
muscular plane was overcome, opening the peritoneal cavity. The
ovary was located and exposed outside the cavity, and with the
aid of suture lines, circulation was interrupted and the ovary was
removed. The muscular layer was sutured with a stitch and skin
with two to three stitches.

The same procedure was repeated for contralateral organs. A
group of animals underwent fictitious surgery (SHAM) to simu-
late surgical stress without removing the ovaries, a group of
animals underwent fictitious surgery. For this purpose, the entire
surgical process is similar, except for the removal of the ovary;
there is only displacement of the ovary outside the cavity to simu-
late the same procedure as accurately as possible.

Uterine mass was used as one of the indicators for validating the
experimental model. With low circulating levels of 17-B-estradi-
ol in postmenopausal women, there is a tendency for reduced
uterine trophism, leading to a smaller size and mass of the uter-
us compared to the females of reproductive age (15). There was
no effect of melatonin treatment on uterine mass, as had already
been demonstrated in a previous study using intraperitone-
al administration of melatonin to 8-week-old ovariectomized
Wistar rats (16).

Animal treatment

The control animals received the vehicle solution (0.9% saline)
by oral gavage at a volume of 1 ml/kg, while the treated animals
received melatonin at a dose of 10 mg/kg by oral gavage (16).
Treatment began on the day following surgery, lasted for 3 weeks,
and was carried out daily at the same time, just before the start of
the night period (5 pm).

Gavage

The orogastric gavage procedure was performed by introducing
a curved flexible tube (or needle) with a rounded tip attached to
a syringe, with the solution in the animal’s mouth and carefully
pushed through the esophagus into the stomach.

Euthanasia and collection of the

calcaneal tendon

Three weeks after surgery and treatment, animals were euth-
anized with a lethal dose of anesthetic (4% isoflurane by
inhalation) to collect the calcaneal tendon. Animals showing
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visible signs of distress, injury or abnormal behavior would
be excluded from the experimentations.

Biomechanical analysis

The tests were performed using a material testing machine
(TAXT Plus, Stable Micro Systems). The tendons were
maintained in physiological solution until the time of the
test. Before the test, the length, width, and thickness of
the tendons were measured using a caliper, with the latter
two determined at the midpoint of the distal region of
each tendon, and the cross-sectional area was calculated
from these measurements. The tendons were placed in the
machine, and each end was attached to adapters fitted into
the machine. During the test, the tendons were subjected to
a gradual increase in load at a constant displacement rate
of 20 mm/min using a 1 kN load cell until the tendon was
ruptured. From these data, the maximum stress and strain
were calculated, and a stress-strain curve was constructed.

Morphological analysis

Processing for structural analysis in light microscopy
After dissection, the Achilles tendons were fixed in a 4%
formalin solution in Millonig buffer pH 7.4 for 18 h at
room temperature. The pieces were then washed in buffer,
dehydrated in alcohol baths, followed by transparency with
xylene baths, and embedded in paraffin (Histosec). Sections
of 7 pm were prepared. For an overall view of the tissue,
some sections were stained with hematoxylin and eosin
(HE). Toluidine Blue staining was used for the detection of
proteoglycans (0.025% in Mcllvaine buffer, pH 4.0). The
slides were left to stain for 10 min, quickly washed in water,
and air-dried. They were then briefly immersed in xylene
and mounted on Canada balsam. Observations and docu-
mentation were performed using an Olympus BX 60 micro-
scope equipped with a photographic camera.

Polarization microscopy: birefringence

Serial longitudinal sections (7 pm thickness) were depa-
raffinized, stained with Picrosirius, and analyzed under
polarization microscopy using an Olympus BX 60 micro-
scope equipped with a polarizer and analyzer. The sections,
considering the major axis of the tendon, were positioned at
45° between the crossed polarizer and the analyzer.

Statistical analysis

All results are expressed as the mean + standard deviation.
Two-way analysis of variance (two-way ANOVA) followed
by Tukey’s post-hoc test was performed for comparisons
between groups. Surgery (OVX and SHAM groups) and
treatment (vehicle or melatonin groups) were considered as
variables. The level of significance was set at p < 0.05.

RESULTS

Biomechanical analysis

Figure 1 summarizes the results of the biomechanical
analysis.

The force necessary to rupture the tendon is designated
as the failure load (F). Using this parameter and tendon
displacement, it was possible to calculate the Stress in MPa
(0 = F/A), strain in % (¢ = displacement/initial length),
and Young’s modulus (E = o/¢) (17). Values are presented
as mean with standard deviation bars and asterisks indicate
the level of significance: *p < 0.05; **p < 0.005.

Morphological analysis

As shown in figure 2, tissue organization was observed
through the distribution of tenocytes. In the SHAM
groups (A and B), the organization remained both in the
control group and in the group treated with melatonin.
In contrast, the OVX groups (C and D) presented a high-

Cross sectional area Maximum load

4 60
3 g
40
*
NE * 4 z ¥
E2
20
1
° 0
O O & &S
N F ¥ y & v o
G &L O O
& 9.3.‘?' S O &

STRAIN

Young Modulus

0.25
0.20
0.15
0.10
0.05
0.00
ISR

<o
N F ¢
& g o o

»

Figure 1. Summary of biomechanical results. All bars represent mean * standard deviation. Stress is the force necessary for
tendon rupture considering its cross-sectional area. Strain is a measure of the extent to which a tendon can stretch before
losing its biomechanical characteristics or rupture. Young's modulus is the result of the division between these two parameters.

*p < 0.05; **p < 0.005.
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er level of tissue disorganization, corroborating the find-
ings described in the literature (2, 7) and without notable
differences between the treated and control groups.

Figure 2. Photographs showing extracellular matrix orga-
nization and cell disposition. The columns were arranged
as follows: (A) SHAM-C; (B) SHAM-M; (C) OVX-C; (D)
OVX-M. In the first row there is a tension region in the
tendons. In the SHAM-C group, the cells were arranged
in an organized manner between the collagen fibers of the
tendon matrix. In the OVX-C and OVX-M groups, disor-
ganization was observed in the arrangement of the cells
in the tissue. The second row comprises the compression
regions of tendons. Note that the OVX-C group present-
ed apparent hypercellularity and disorganization of the
cell arrangement when compared to the other groups. The
third row comprises the epitenon. Note the reduced thick-
ness of the epitenon in the SHAM-C group, compatible
with what is expected from a healthy one without signs of
injury. In the other groups, there was an increase in epiten-
on compared to the control group. In the melatonin-treat-
ed groups (SHAM-M and OVX-M), epitenon had a consid-
erable number of blood vessels.

*Indicates the region of enthesis; *indicates big-caliber vases.

The birefringence of collagen is an important characteris-
tic in polarization analysis, as shown in figure 3, because
this organization establishes a relationship with the direc-
tion of vibration and resonance of electrons in peptide
bonds along the fiber, which depends on the molecular
geometry, collagen concentration, and refractive indices.
The picrosirius dye allows for better visualization of this
phenomenon by making such a configuration strongly
pink red, while the more green-brown spectrum identi-
fies areas of lower birefringence or disorganization.

The results showed a higher degree of tissue organization
in the two groups treated with melatonin (SHAM and
OVX), which may indicate an important role in maintain-
ing the structure and functionality of the tendon.
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Figure 3. Photographs of the tension region of tendons using
Picrosirius die, in polarization microscopy. (A) SHAM-C; (B)
SHAM-M; (C) OVX-C: (D) OVX-M. Observe the Orange-red
color of the melatonin-treated animals indicating a greater
degree of collagen fibers organization.

Magnification 100x.

As shown in figure 4, there was an increase in GAGs in the
groups treated with melatonin (B and D), whereas the control
groups had a lower amount of these substances in their matrix.
In the compression regions, we observed a higher concen-
tration of GAGs in SHAM-C and OVX-M (figure 4B,H).
Because GAGs are anionic, they stain with cationic dyes such
as toluidine blue and acquire a blue color. Large amounts of
material lead to the phenomenon of metachromasia, which
turns them purple (18). All treatments (SHAM-M, OVX-C
and OVX-M) led to some type of alteration in the distribution
pattern of GAGs in the tension and compression regions.

o

Figure 4. Photographs of toluidine blue slides. The first row
contains the tension region of the tendons, and the second
row contains the compression region. In the columns, there
are different groups: (A) SHAM-C; (B) SHAM-M; (C) OVX-C;
(D) OVX-M. The blue color indicates anionic substances in the
tendon (mainly GAGs). The purple sections are due to meta-
chromasia, a phenomenon that occurs in toluidine blue when,
and there are large quantities of anionic substances.

Magnification 100x.

Muscles, Ligaments and Tendons Journal 2023;13 (4)



BETHANIA Lissa DA Siva Rosa, Gustavo HENRIQUE Sitva Pompeo, CAROLINE MELO Ramos, ET AL.

DISCUSSION

Collagen is the main constituent of the extracellular matrix
of tendons, and it is not only the composition of type I colla-
gen that determines tissue characteristics, but also its specif-
ic spatial organization and parallel alignment of fibers. In
tendinopathies, the tissue presents with disorganized colla-
gen fibers, increased amounts of proteoglycans and glycos-
aminoglycans, hypercellularity, neovascularization, and an
increased extracellular matrix without collagen. Estrogen
also plays an important role in tendon health as it helps
maintain the integrity of connective tissue. Deficiency of
estrogen, as occurs in menopause, can lead to a decrease in
collagen synthesis and consequently, a decrease in tendon
strength and elasticity (6, 8).

Effect of ovariectomy over tendons

The group of ovariectomized animals (OVX-C), simulat-
ing a menopause situation, presented considerable alter-
ations in the analyzed tendon parameters. Cell disorgani-
zation was detected in both the tension and compression
regions, as well as an increase in epitenon (figure 2C,G,K)
when compared to the control group (SHAM-C), even
though the general orientation of collagen fibers, revealed
by polarization, seems to have remained similar (figure 3).
It has already been shown that estrogen promotes collagen
synthesis, acting on tendons among other tissues (3). There
is a relationship between low estrogen concentration and
the reduction of tendon resistance, the reduction of the
type I collagen ratio with other subtypes, and an increase
in cell proliferation and density (6, 9). For the same reason,
we can observe the difference in the enthesis composition
of the OVX-C group compared to the others, regarding
hypercellularity and hypervascularization, since the cellu-
lar population of this region is more metabolically active,
with the presence of fibroblasts and vascular cells, which
also respond to the decrease in estrogen levels, following the
same pattern (18).

It was possible to perceive a visible reduction in the
content of GAGs in the compression region (figure 4C,G).
GAGs are important components of the tendon extracel-
lular matrix (1-5% of dry weight) as they assist in tissue
mechanics, provide elasticity, and promote the attraction of
water to the environment, making the tendon more hydrat-
ed (19). The distribution of these proteoglycans varies
along the tendon, being present in greater quantity in the
compression regions, acting in lubrication and adhesion
of collagen molecules (16). The results may be related to a
possible inflammatory process, in which there is an increase
in signaling substances that favor the degradation of the
extracellular matrix and, consequently, the degradation of

these GAGs (23).
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Estrogens influence greatly the tendons, which can explain
the lower rate of tendon injuries in pre-menopausal women.
Also, the hormonal effects of the menopause lead to a decrease
in collagen turnover, tendon elasticity and MMP overexpres-
sion (20). This could explain the decrease in the cross-sec-
tional area of the tendon (figure 1). Curiously, the process led
to a significant increase in elasticity (Young’s modulus).

Effect of ovariectomy with melatonin
supplementation over tendons

The ovariectomized animals that received melatonin supple-
mentation (OVX-M) showed some differences compared to
those that did not receive it (OVX-C). The treatment used
in this study was not able to completely reverse disorgani-
zation; however, there was an improvement in the compres-
sion region. The epitenon remained enlarged but high-
ly vascularized (figure 2D,H,L). The levels of GAGs were
more similar to those in the control group in the compres-
sion region, but higher in the tension region (figure 4D,H).
The epitenon is one of the structures responsible for innerva-
tion and blood supply of the tendon as a whole, and primarily
regulates metabolism in this region in response to changes in
tissue physiology (2). Thus, in processes of healing or tendi-
nopathy, similar alterations occur: increased vascularization,
expression of neuronal mediators, and increased innervation,
and as this tissue mechanics is not completely understood, it is
difficult to differentiate between healing and initial patholog-
ical processes (18, 21). The increase in VEGF concentration
during the initial inflammatory process is the main cause of
hypervascularization in the region, since its effects allow more
mediators and inflammatory cells to arrive at the site (14).

As mentioned previously, ovariectomy reduced the girth
of the tendon. Melatonin treatment reversed this effect
(figure 1), returning to the same values as the control. Mela-
tonin supplementation caused several effects on tendons in
ovariectomized animals, reducing the stress they could resist
while increasing the strain values, which led to a significant
reduction in Young’s modulus. This means that although
the tendon became more resistant to stress forces, it became
stiffer and possibly more prone to rupture.

The cross-sectional area of the tendon can be directly relat-
ed to its tensile strength and maximum load supported (22,
23). This is because tendon cross-sectional area is direct-
ly related to the amount of extracellular matrix and colla-
gen present in the tissue, and collagen is the main protein
responsible for tendon mechanical strength (24).

The stress increase could be due to the increased collagen
organization (figure 3), but other changes could be respon-
sible for the lower elasticity, like GAG profile changes,
essential to help the tendons respond adequately to the forc-
es applied (25).

521



Melatonin on Ovariectomized Rat’s Tendons

Effect of melatonin treatment
on non-ovariectomized animals

The SHAM-M group included animals that received
melatonin, but did not undergo ovariectomy. In such
animals, the tendons seemed to remain organized, but
with increased and more vascularized epitenons (figure
2B,E]J). The treatment caused an increase in collagen
fiber organization, which could be observed with or with-
out ovariectomy (figure 3B,D). In addition, there was an
inversion in the expected GAGs profile for the tension
and compression areas (figure 4B,F). Even with these
observed changes, melatonin alone did not change the
biomechanical parameters of control animals (SHAM-C)
in the present study.

CONCLUSIONS

Ovariectomy led to significant structural changes in the
calcaneal tendons, which were reflected in their biomechan-
ical behavior. Melatonin was able to reverse some of these
changes, but future studies could test the safety of such treat-
ment more deeply, since melatonin alone was able to alter
some tendon properties. More differences could arise from
ovariectomy or melatonin use considering a longer period
of treatment and the long turnover of collagen. Awareness
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