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With the increasing interest in sports and the average
life expectancy, tendon injuries particularly Achilles
tendon injuries, appear more frequently in developing
countries.® Many reasons such as slow regeneration
rate, low blood perfusion, and inability to use the
implants used in the fixation of bone fractures for these
tissues cause the healing process of injured tendons to
prolong with respect to other tissues. Studies are
continuing on the effects of various antioxidant or
anti-inflammatory substances in this difficult and
long healing process of tendons.5

Caffeic acid is one of the phenolic compounds
synthesized by plants and commonly found in nature
and in the human diet.”! Recent studies have shown
that caffeic acid has multiple biological activities
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ABSTRACT

Objectives: This study aims to examine the effect of caffeic acid on
tendon healing histopathologically and biomechanically in rats with
an Achilles tendon injury model.

Materials and methods: Twenty male Wistar-albino rats were
used in this study. The rats were divided into two groups as the
experimental group and control group. All rats underwent a bilateral
achillotomy injury model and then surgical repair. Postoperatively,
for four weeks, the experimental group was given intraperitoneal
caffeic acid (100 mg/kg/day suspended in saline), while the control
group was given only intraperitoneal saline. At the end of four weeks,
after sacrificing each rat, right Achilles tendons were subjected to
biomechanical analysis and the Achilles tendons were subjected
to histopathological analysis. Bonar and Movin scores were used
for histopathological analysis. In biomechanical analysis, tensile
test was applied to Achilles tendons until rupture. For each tendon,
failure load, displacement, cross-sectional area, maximum energy,
total energy, length, stiffness, ultimate stress and strain parameters
were recorded.

Results: According to Bonar and Movin scoring, the experimental
group had lower scoring values than the control group (p=0.002 and
p=0.002, respectively). Bonar scoring parameters were analyzed
separately. Vascularity, collagen, and ground substance scores
were lower in the experimental group compared to the control
group (p=0.001, p=0.003, and p=0.047, respectively). No significant
difference was found for tenocyte (p=0.064). In biomechanical
analysis, failure load, displacement, ultimate stress, strain, and
stiffness values were found to be higher in the experimental group
compared to the control group (p=0.049, p=0.005, p=0.028, p=0.021,
and p=0.049, respectively).

Conclusion: The caffeic acid contributed positively to tendon
healing histopathologically and biomechanically in rats with an
Achilles tendon injury model.

Keywords: Achilles tendon, antioxidant, caffeic acid, phenolic, tendon injury
model, tendon healing.

such as antioxidant, anti-inflammatory, antibacterial
and anticancer.® Although there are studies on the
scavenging activities of free radicals and antioxidant
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effects of caffeic acid on the musculoskeletal system,
there is no study on the tendon healing effect of
caffeic acid in the literature. In the present study,
we hypothesized that caffeic acid could accelerate
and strengthen tendon healing with its antioxidative
activity in rats with Achilles tendon injury. We,
therefore, aimed to examine the effect of caffeic
acid on tendon healing histopathologically and
biomechanically in rats with an Achilles tendon
injury model.

MATERIALS AND METHODS

In this study, 20 male Wistar-Albino rats with an
average weight of 486 g (range, 457 to 543 g) and age
of 12 weeks were used. To perform histopathological
and biomechanical analyses of tendon healing in
rats, the rats were divided into two equal groups as
the experimental group (n=10) and the control group
(n=10).
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Surgical technique

All surgical procedures applied to the rats
were performed after controlling the pedal reflex
under general anesthesia (intraperitoneal injection
of 10 mg/kg xylazine) (XylazinBio® %2, Bioveta
PLC, Ivanovice na Hane, Czech Republic) and
80 mg/kg ketamine hydrochloride (Narkamon
50 mg/mL, Bioveta PLC, Ivanovice na Hane, Czech
Republic). The rats were prevented from feeling pain
by controlling their reflexes at intervals throughout
the procedure and by administering an additional
dose of anesthesia when necessary. After shaving,
the incision areas were washed with povidone-
iodine (Batix®, Denizpharma, Istanbul, Tiirkiye) and
all surgical procedures were performed under sterile
conditions.

A well-known Achilles tendon injury model,
which has been used in many studies in the literature,

FIGURE 1. Surgical procedure for Achilles injury tendon model.
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was applied.?¥ After the surgical preparation of the
lower extremities, ankle posterior line incisions
were made and the Achilles tendons and plantaris
tendons were exposed. Tenotomies were performed
0.5 cm proximal to the calcaneus insertion of the
Achilles tendons, by using a No. 15 scalpel. Tendons
were repaired end-to-end by using the modified
Kessler method with 4/0 round polypropylene
monofilament sutures (TipKimSan Limited Company,
Istanbul, Tiirkiye). After washing the wounded areas
with saline, the incisions were closed by using 3/0
polypropylene monofilament sutures (TipKimSan
Limited Company, Istanbul, Tiirkiye) and integrity
of skins were achieved (Figure 1).

No dressings, bandages, or casts were applied
to the rats postoperatively. Starting from the early
period, all rats were allowed to make free joint
movements and to load their lower extremities.
The rats in the experimental group were given

FIGURE 2. Tensile test for biomechanical analysis.
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100 mg/kg/day caffeic acid (Sigma-Aldrich
Inc.,, St. Louis, MO, USA) suspended in saline
intraperitoneally at the same times during the day
for four weeks. In the control group, only saline
was given intraperitoneally. The dose of caffeic acid
was determined according to previous studies.!?
The rats were euthanized by cervical dislocation
after high-dose anesthesia. Achilles tendons of the
sacrificed rats were removed distally from the bone-
tendon junction in the calcaneus and proximally
from the bone-tendon junctions in the femur and
tibia. Histopathological analysis was performed on
one Achilles tendon of each rat and biomechanical
analysis was performed on the other.

Histopathological evaluation

After removing the Achilles tendons of the rats,
they were kept in 10% formalin fixative solution
for three days and, then, left under running water
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overnight. The next day, they were passed through
a series of 60%, 70%, 80% and 100% alcohol,
respectively and taken into xylene. Tissues were
embedded in paraffin and 3-um sections were taken
with a microtome. The sections were kept in an
oven at 60°C overnight and deparaffinized. Then,
routine hematoxylin and eosin (H&E) and Masson
trichrome (MT) staining was performed as the first
step of the morphological evaluation. The completed
preparations were examined under the microscope
and captured.

Tenocytes, collagen, ground substance, and
vascularization were assessed by using the Bonar
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scoring system, each out of four points (0, 1, 2 and 3).
Zero (0) points were used for normal tissue structure
and 3 points for abnormal appearance. Total points
were scored from 0 (normal tendon appearance,
strong healing) to 12 (most severe detectable
pathology, very poor healing)." Fiber structure,
fiber arrangement, rounding of the nuclei, regional
variations in cellularity, increased vascularity,
decreased collagen stainability, hyalinization, and
glycosaminoglycan (GAG) content were assessed by
using the Movin scoring system, each out of four
points (0, 1, 2, and 3)."™ In both scoring systems,
a lower value indicates better recovery, while a
higher value indicates poor recovery. Zero (0) points
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FIGURE 3. (a) Tenocyte group with prominent rounding of nuclei in the control group (indicated by arrow),
(b) Collagen structures showing polarization and misalignment in the experimental group (indicated by
arrow), (c) Clusters of capillaries formed in more than two groups (indicated by the round), (d) Hyalinization
focus observed in the control group (indicated by arrow), (e) Grouped lymphoplasmacytic inflammatory
cell infiltration in focal areas (indicated by arrow) (H&E, x200).
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were used for normal tissue structure and 3 points
for abnormal appearance. Total points were scored
from 0 (normal tendon appearance, strong healing)
to 24 (most severe detectable pathology, very poor
healing).

Biomechanical evaluation

After sacrification, distraction force was applied to
the right Achilles tendon of each rat with a material
testing machine (ELISTA, TST 2500 mxe). One end
of the Achilles tendon was fixed from the calcaneus
and the other end from the musculotendinous
junction with the help of apparatus and the test was
performed at a speed of 1 mm/min (Figure 2). Each
Achilles tendon was tested, until it was ruptured
from the tenotomy site. For each tendon, failure load
(N), displacement (mm), cross-sectional area (mm?),
maximum energy (J), total energy (J), length (mm),
stiffness (N/mm), ultimate stress (MPa), and strain (%)
during the tendon rupture parameters were recorded.

Statistical analysis

Statistical analysis was performed using the SPSS
version 23.0 software (IBM Corp., Armonk, NY, USA).
Data were expressed in mean + standard deviation
(SD), median (min-max) or number and frequency,
where applicable. The goodness-of-fit of the data to
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normal distribution was evaluated with the Shapiro-
Wilk test (n<50). The Mann-Whitney U test was used
because the data did not show normal distribution.
Correlation analysis was performed using the Mann-
Whitney U test and Spearman. A p value of <0.05 was
considered statistically significant.

RESULTS

No death was observed in any of the rats during the
experiment. No operative infection, re-rupture, or any
other complication occurred in the Achilles tendons.

Histopathological findings

While tenocyte groups and hyalinization foci with
prominent rounding were observed in the nuclei in the
control group, collagen structures with misalignment
and hyalinization foci that formed more than two
groups were observed in the experimental acid
group (Figure 3). Collagen bundles were observed
with the MT staining as in Figure 4, and mucinous
staining with histochemical Alcain Blue staining
as in Figure 5. In both Bonar scoring and Movin
scoring, the control group had a significantly higher
score compared to the experimental group (p=0.002,
p=0.002, respectively). In addition, the scores of the
four parameters (i.e., tenocytes, vascularity, collagen,

/,l, . g ; N, .“\‘.,‘
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FIGURE 4. (a) Staining of 3+ collagen with MT, (b) Staining of 2+ collagen with MT,

(c) Staining of 1+ collagen with MT (x100) (MT: Masson-Trichrome, decreased collagen
stainability).
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FIGURE 5. Mucinous staining with histochemical Alcein Blue Ph 2.5: (a)
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(b) 2+ staining, (c) 1+ staining (x100) (MT: Masson-Trichrome) (Movin, GAG content; Bonar,

Ground substance).

basic substance) in the Bonar scoring system were
compared between the two groups, and there was a
significant difference in the other three parameters,
except for the tenocyte number (p=0.064, p=0.001,
p=0.03, and p=0.047, respectively). Histology, which
looked similar with morphometric scoring, also
showed significant differences in terms of these
parameters (Table I and Figure 6).

Biomechanical findings

In five of the nine biomechanical parameters
(i.e., failure load, displacement, ultimate stress,

strain and stiffness), significantly better results were
obtained in the experimental group compared to the
control group. There was no significant difference
between the two groups in terms of other four
parameters (i.e., cross-sectional area, maximum
energy, total energy, length) (p>0.05) (Table II and
Figure 7).

DISCUSSION

Our study suggested that caffeic acid, which is
a powerful antioxidant, might positively affects
the Achilles tendon healing after tendon repair

TABLE |

Tenocyte morphology and proliferation, presence or absence of ground substance. collagen bundle properties and
vascularity were evaluated using Bonar and Movin scoring systems in H&E and MT staining

Experimental group (n=10) Control group (n=10)

Mean+SD Median  Min-Max Mean+SD Median  Min-Max p
Tenocytes 0.3+0.67 0 0-2 0.7£0.48 1 0-1 0.064
Ground substance 1.2+£0.42 1 1-2 1.9+£0.87 2 1-3 0.047
Collagen 0.2+0.63 0 0-2 1+0.47 1 0-2 0.003
Vascularization 0.2+0.42 0 0-1 2.4+0.69 2.5 1-3 0.001
Bonar score 2.5+1.84 2 1-7 5.3+0.67 5 4-6 0.002
Movin score 5.5+2.5 5 2-11 9.8+1.39 10 8-12 0.002
SD: Standard deviation; Scoring was made between 0 (best) and 3 (worst).
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FIGURE 6. The comparison of Bonar and Movin scores in

both groups (a) Histological Bonar score (b) Histological
Movin score.

surgery in the rats with a ruptured model of the
Achilles tendon. We speculate that caffeic acid,
an antioxidant agent, increased tendon healing by
reducing oxidative stress. In our literature review,
there is no study on the effect of caffeic acid on
tendon healing.

In the histological examinations of the rats with
the Achilles tendon injury given intraperitoneal

675

caffeic acid, tendon healing was better than the
control group according to Bonar and Movin scoring.
In addition, we subjected the repaired Achilles
tendons to the biomechanical tensile test performed
until rupture. In which nine different parameters
were examined, we found that the caffeic acid group
was more resistant to rupture than the control
group in terms of five parameters (i.e., failure load,
displacement, ultimate stress, strain, and stiffness).
There was no significant difference between the
two groups in terms of other four parameters (i.e.,
cross-sectional area, maximum energy, total energy,
length). The fact that failure load, displacement
and ultimate stress parameters, which are more
important among these nine parameters, were
statistically higher in the experimental group,
provides us with valuable clinical data.®”! We believe
that the histopathological and biomechanical tendon
healing being significantly higher in the caffeic acid
group compared to the control group would reduce
the complication of tendon re-rupture and allow
early movement. We consider that better range of
motion can be created with early mobilization with
the use of the caffeic acid and it can be an effective
agent in preventing adhesion.

Reactive oxygen derivatives produced in the body
can damage cell structures and cause no or less
healing in tissues with low blood supply, such as
tendons. Phenolic compounds such as caffeic acid can
be used to prevent or treat this pathophysiological
condition. Onat et al.,[ in their study on the
caffeic acid and some other phenolic compounds,
showed primary antioxidant activity by inhibiting
the chain reactions and by making complexes with
heavy metals, it inhibited the formation of free
radicals by inhibiting peroxide decomposition and

TABLE I
Comparison of biomechanical parameters between the experimental and control groups
Experimental group (n=10) Control group (n=10)
Mean+SD Median  Min-Max Mean+SD Median  Min-Max P

Failure load (N) 37.2+5.76 38.5 26-43 31.8+5.90 31.5 24-41 0.049
Displacement (mm) 10.4+2.06 10 8-14 71+£2.18 6.5 4-11 0.005
Maximum energy (J) 104.6+35.88 111.5 54-142 78.7+22.78 76 41-121 0.121
Total energy (J) 203.7+£54.87 189.5 123-294 157.2+44.2 167 96-211 0.225
Cross section area (mm?) 6.32+1.28 1-6 4.8-8 5.63+1.49 5.45 3.8-8.1 0.141
Length (mm) 10.394£2.13 10.30 7.5-13.1 9.62+1.93 10.55 71-11.9  0.404
Stiffness (N/mm) 4.08+1.04 3.85 2.5-55 3.29+0.72 3.25 24-49  0.049
Ultimate stress (MPa) 7.31£0.63 75 6.1-8.1 6.59+0.64 6.3 5.9-7.8 0.028
Strain (%) 69.1£6.43 67 59-78 61.8+5.76 62.5 51-71 0.021
SD: Standard deviation.
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FIGURE 7. The comparison of biomechanical parameters

in both groups (a) failure load (N), (b) displacement (mm),
(c) ultimate stress (MPa).

showing secondary antioxidant activity. A number
of recent studies have been conducted on the effects
of the antioxidant property of the caffeic acid on
musculoskeletal tissue. In a meta-analysis examining
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the effects of the caffeic acid on bone tissue, Ekeuku
et al,!'”! reported that this compound prevented
bone loss by reducing osteoclastogenesis activity
with its antioxidant properties. It was shown that
these phenolic compounds prevented bone loss with
their antioxidant activities, particularly against the
oxidative stress caused by estrogen deficiency after
ovariectomy. On the other hand, in another study by
Zych et al.'¥ on rats, the effects of different phenolic
acids (ferulic acid, caffeic acid, P-coumaric acid, and
chlorogenic acid) on bone tissue were examined
and they reported that caffeic acid weakened the
biomechanical properties of the bone. Studies
examining the effects of the caffeic acid on the
musculoskeletal system have mostly focused on bone
tissue and its effect on bone tissue has not been
clarified yet. Studies on its effects on the tendons are
very limited, and in our literature review, there is no
study examining its effect on tendon healing %2

In the literature, there are studies synthesizing
caffeic acid derivatives and evaluating their
effectiveness in different areas.”?! Mia and Bank™
reported that the caffeic acid phenethyl ester, formed
after the catalysis of caffeic acid with phenethyl
alcohol, inhibited collagen synthesis in a study on
rats. They reported that collagen inhibition occurred
with the disruption of the collagen formation pathway
after myofibroblastactivation of transforming growth
factor beta 1 (TGF1). Larki et al.’ reported that, in
rats with pulmonary fibrosis model, a decrease in
type 1 collagen synthesis occurred in the group
treated with caffeic acid phenethyl ester, compared
to the control group. The authors concluded that
caffeic acid phenethyl ester decreased type I collagen
concentration by modulating interferon-gamma
(IFN-y) levels. Despite these studies reporting
that caffeic acid phenethyl ester inhibited collagen
synthesis, we found that the caffeic acid increased
tendon healing. This can be attributed to the fact that
caffeic acid phenethyl ester is a different antioxidant
and may have different bioactivities, although it is
derived from caffeic acid. Probably in the future,
further studies investigating the effect of caffeic acid
phenethyl ester on tendon healing or comparing its
effectiveness with caffeic acid can be conducted.

Desteli et al.?!l evaluated the effect of propolis,
which contains many antioxidants such as caffeic
acid, caffeic acid phenethyl ester and quercetin, on
tendon healing in rats with an Achilles tendon injury
model. They reported that despite the capillary
increase in the healing tissue, they did not observe
a significant difference compared to the control
group. Gonzdlez-Masis et al.?? adsorbed propolis
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into scaffolds consisting of collagen extracted as
nanoparticles from rat tails. They showed that
propolis increased the denaturation temperature
and tensile strength of collagen. Although there
are other components in propolis other than caffeic
acid, the increase in the tensile strength of the
collagen structure is consistent with the increase in
the strength required for the rupture of the healing
tendons by caffeic acid in our study. Several studies
have been conducted on the Dipsaci Radix (DR),
another herbal product that also contains caffeic
acid, and is widely used in traditional Chinese
medicine. Chan et al.® reported that the DR did not
cause a significant change in the rats with patellar
tendon injury models, but further studies are still
needed. In another study, Lv et al.?! evaluated the
effect of the DR on knee osteoarthritis and reported
that it could be an important prophylactic agent
in preventing osteoarthritis. They attributed this
prophylactic feature of the DR to the fact that the
caffeic acid it contains provides protection against
interleukin (IL)-1p-induced inflammatory responses
and cartilage deterioration in joint chondrocytes.
The effects of natural agents such as propolis and
DR, which contain antioxidants such as caffeic acid
and are widely used in Far Eastern medicine, on
the musculoskeletal system have been the subject
of recent research. In this sense, our study includes
findings that caffeic acid can be used as an auxiliary
agent in tendon healing.

Nonetheless, there are some limitations to this
study. First, there is no study available in the literature
to compare our study, as no animal studies have
previously been conducted on the effect of the caffeic
acid on tendon healing. Second, we were unable to
perform immunohistochemical analysis to evaluate
collagens in our study.

In conclusion, we found that the caffeic
acid contributed positively to tendon healing
histopathologically and biomechanically in rats with
an Achilles tendon injury model. We believe that it
is promising that an antioxidant such as caffeic acid,
which is common in nature, helps the healing of a
tissue such as a tendon, which has low blood supply
and, thus, a weak regeneration potential. However,
the limited number of the animal studies on this
subject indicates the need for further studies.

Ethics Committee Approval: The study protocol was
approved by the Sel¢uk University Experimental Medicine
Application and Research Center Animal Experiments Ethics
Committee (date: 27.01.2023, no: 2020/58). Throughout our study,
the principle of the Declaration of Helsinki was adhered to and
care was taken to ensure that the animals did not feel pain.
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