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maintain double-blind review. Prior to testing, surrounding muscle 
tissue at the proximal tendon end was removed, and the proximal 
tendon and distal tendon-bone complex were secured using sandpa-
per and metal fixtures, with metal clamps fully tightened to prevent 
tendon slippage. Tensile force was applied at a rate of 2 N/s.

Before testing, calibration was performed to determine baseline load 
and elongation values for the Achilles tendon complexes. Tendon 
elongation was measured using the computer-integrated system of 
the device. All tests were conducted and recorded using the Lloyd 
Instruments Data Analysis Package. Additionally, a 2 N pre-load was 
applied to all tendons to eliminate initial slack. Tensile force was 
applied to all specimens, and the maximum load at the time of ten-
don rupture was recorded. For this value, the point at which a plateau 
was observed on the force curve was taken as the reference. All data 
obtained from the biomechanical tensile tests were analyzed using 
SPSS 23.0 (IBM Corp., Armonk, NY, USA).

Statistical analysis
Data obtained in this study were analyzed using SPSS 23.0. No ani-
mals or data points were excluded from the analysis. For normally 
distributed data (Shapiro–Wilk test), 1-way analysis of variance 
was used to compare measurements among more than 2 indepen-
dent groups, followed by Tukey’s post hoc test to identify differing 
groups. For comparisons between 2 independent groups, the inde-
pendent samples t-test was applied. When parametric assumptions 
were not met, the Kruskal–Wallis and Mann–Whitney U-tests were 
used. Categorical data were evaluated using the chi-square test. Data 
are presented in tables as mean ± standard deviation, median, mini-
mum–maximum values, number of individuals, and percentages. 
Effect sizes were calculated for all primary comparisons and are pre-
sented alongside 95% CI. The significance level was set at 0.05.

Results

Light microscopy findings obtained using the JB-4 technique
Comparison of the 15-day groups (G1 vs. G2)
All analyses were performed with n = 8 animals per group. In 
the experimental group (G1), spindle-shaped tenocytes with 

heterochromatic nuclei, foamy-like macrophages, and hemosid-
erin-laden macrophages were observed near the incision (Figure 2, 
a,b). Cellularity was reduced in certain areas, while collagen fibers 
increased (Figure 2, b). Distant regions showed tenocytes with 
euchromatic nuclei and high mitotic activity (Figure 2, c).

In the control group (G2), a prominent capsule and more regularly 
organized collagen fibers were noted (Figure 2,g), with denser teno-
cytes exhibiting mainly euchromatic nuclei (Figure 2, h,i). Masson’s 
Trichrome and Sirius Red staining revealed intense type 1 collagen 
accumulation around the incision site in G1. Silver staining dem-
onstrated increased reticular fiber distribution in the same region 
(Figure 2, d-f). In contrast, G2 presented lower collagen density and 
sparse reticular fiber distribution (Figure 2, j-l).

Figure 1. Biomechanical testing of tendon–bone complexes from G3 and G4 (day 
15) and G7 and G8 (day 30).

Figure 2. Morphological findings of healing Achilles tendon sections from 15- and 
30-day experimental (Groups 1 and 5) and control (Groups 2 and 6) groups obtained 
using JB-4 and paraffin sectioning techniques. Foamy macrophages (yellow 
arrowhead), tenocytes with heterochromatic nuclei (notched red arrow), 
hemosiderin-laden macrophages (brown arrowhead), mitotically active tenocytes 
(brown arrow), tenocytes with euchromatic nuclei (blue and green arrows), capsule 
(bidirectional red arrow), chondroblasts (yellow arrow). BV, blood vessel; CF, 
collagen fibers; RF, reticular fibers.
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Comparison of the 30-day groups (G5 vs. G6)
All analyses were performed with n = 8 animals per group. In the 
experimental group (G5), pronounced voids, a thick capsule, and 
dense collagen fiber accumulation were observed at the incision site 
(Figure 2, m-o). In the control group (G6), the capsule was thinner, 
and cellularity higher (Figure 2, t-v).

Masson’s Trichrome and Sirius Red staining showed increased type 
1 collagen accumulation in G5, while silver staining revealed denser 
reticular fiber networks compared to controls (Figure 2, p-s). A note-
worthy finding seen only in paraffin-embedded sections but not in 
the JB-4 technique was the presence of chondroblast-like cells with a 
rounded morphology, euchromatic nuclei, and localized in their own 
lacunae among the collagen fibers in the 30-day experimental group 
(Figure 2, p,r). G6 displayed lower type 1 collagen density and sparse, 
irregular reticular fibers (Figure 2, w-y).

Immunofluorescence results

MMP-2 immunolocalization
All analyses were performed with n = 8 animals per group. In 
the 15-day groups, collagen matrix immunoreactivity was very 
weak in the experimental group (G1), but strong in controls (G2) 
(Figure 3, a,d,g,j). Tendinocytes showed low MMP-2 in G1 and high 
in G2 (Figure 3, a,g,j). Hemosiderin-loaded macrophages in G1 exhib-
ited strong cytoplasmic MMP-2 expression (Figure 3d).

In the 30-day groups, collagen-associated MMP-2 immunoreactivity 
remained very weak in G5 and moderate expression in both groups 
(Figure 3, m,t,w). Tendinocytes showed moderate expression in 
both groups, with no significant difference between them (Figure 3, 
m,t,w). However, chondroblasts, observed exclusively in G5, dem-
onstrated high cytoplasmic levels of MMP-2 (Figure 3p) and intense 
nuclear and cytoplasmic staining was observed in cells of the capsule 
surrounding the incision (Figure 3, m) (Table 3).

MMP-7 immunolocalization
All analyses were performed with n = 8 animals per group. In the 
15-day groups, collagen matrix immunoreactivity was weak in both 
G1 (Figure 3, b,e) and G2 (Figure 3, h,k). Tendinocytes showed mod-
erate expression in G1 (Figure 3, e), whereas G2 showed strong 
MMP-7 immunoreactivity (Figure 3, k). Additionally, hemosiderin-
loaded macrophages in G1 exhibited strong cytoplasmic MMP-7 
(Figure 3b).

In the 30-day groups, collagen matrix was nearly absent MMP-7 
expression in G5 and very weak in G6 (Figure 3, n,u,x). Tendinocytes 
demonstrated weak expression in G5 (Figure 3, n), whereas G6 
showed strong MMP-7 expression (Figure 3, u,x). Chondroblasts in 
G5 exhibited moderate to strong cytoplasmic levels of MMP-7 immu-
noreactivity (Figure 3, r). Capsular structures exhibited very low lev-
els of immunoreactivity in both groups (Table 4).

MMP-9 immunolocalization
All analyses were performed with n = 8 animals per group. In the 
15-day groups, MMP-9 was nearly absent in collagen and tendino-
cytes in G1 (Figure 3, c,f), while G2 exhibited strong collagen and 
moderate tendinocyte expression (Figure 3, i,l). High expression was 
observed in hemosiderin-loaded macrophages in G1 (Figure 3, d).

In the 30-day groups, collagen MMP-9 was low in both G5 and G6 
(Figure 3, o,v,y). Tendinocytes showed moderate expression in G5 
(Figure 3, o), and high in G6 (Figure 3, y), while chondroblasts in 
G5 exhibited strong cytoplasmic MMP-9 (Figure 3, s). Endothelial 
cell immunoreactivity was lower in G5 compared to G6 (Figure 3, v) 
(Table 5).

Evaluation of morphometric findings

Volume fraction of tendon structures
All analyses were performed with n = 8 animals per group. The vol-
ume fraction results provide important structural insights into the 
tendon healing process. In the 15-day groups, collagen volume frac-
tion was higher in the experimental group (67%) than controls (49%), 
indicating a more prominent early matrix production. By day 30, 

Figure 3. Immunofluorescent localization of MMP-2 protein expression in healing 
Achilles tendon tissue sections from 15- and 30-day experimental (Groups 1 and 5) 
and control (Groups 2 and 6) groups. Tenocytes (red and green arrows), 
hemosiderin-laden macrophages (white arrow), capsule (yellow arrow), suture sites 
(green star), chondroblasts (yellow circle). BV, blood vessel; CF, collagen fibers, D, 
dermis.
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collagen volume fractions were similar (73%). Tendinocyte density 
was initially higher in the 15-day control group (47% vs. 24%), but 
equalized by day 30. Blood vessel volume was higher in the 15-day 
experimental group (5% vs. 2%) and normalized to ~1% by day 30. 
Mast cell volume fraction peaked in the 30-day control group (0.7%, 
P < .05). Nerve structures were measurable only in experimental 
groups, with no significant differences (P > .05) (Figure 4a).

Bonar scoring results
Tenocyte alterations were more pronounced in the 15-day experi-
mental group (Grade-2 most frequent), normalizing by day 30 (Group 
5 highest Grade-0 counts, P < .05). Collagen remodeling was ongo-
ing in the experimental group at 30 days (Grade-1 most frequent), 
while controls showed a more organized structure (Grade-0 domi-
nant). Blood vessel scores indicated a higher vascular response in the 
15-day experimental group (Grade-3), normalizing later (Figure 4, b).

Overall, early healing (day 15) in the experimental group showed 
dynamic changes in matrix, cellularity, and vascularity, which 
approached normalization and tissue remodeling by day 30.

Biomechanical tensile test results
The mean maximum load values were 17.85 ± 4.64 N for G3, 18.58 
± 5.27 N for G4, 15.01 ± 3.00 N for G7, and 20.57 ± 1.68 N for G8. 
Statistical analysis revealed no significant differences in maximum 
tensile strength between the groups (P > .05), indicating that AA 
exposure did not significantly affect the mechanical resistance of the 
repaired Achilles tendon at either the 15- or 30-day time points.

Discussion

It is well established that nutrition can have positive or negative effects 
on tendon healing, and AA is among the most commonly ingested 
toxic substances through daily dietary habits.25 Although numerous 

studies have focused on intrinsic and extrinsic factors affecting tendon 
health and quality, none have explored the relationship between AA 
and tendon healing. Although AA has been used industrially since the 
1950s,26 it attracted scientific attention after its presence in food was 
demonstrated 23 years ago,27 leading to many studies investigating its 
effects. The strongest aspect of this study is that it is the first experi-
mental investigation examining the effects of AA on tendon healing, 
making a unique and significant contribution to the literature.

Investigating AA’s potential effects on fibroblast proliferation, colla-
gen fiber synthesis, and cellular functions is critical to understand-
ing its role in tendon healing.28 The use of specific staining methods 
to reveal structural proteins such as type 1 and type 3 collagen is 
important in evaluating the healing process. Although special histo-
chemical staining was performed, quantitative immunofluorescent 
analysis of collagen types 1 and 3 could have provided a more pre-
cise evaluation of collagen turnover and should be considered in 
future studies. Histopathological features include irregular collagen 
fiber organization, increased cell numbers, rounded cell nuclei, vari-
able collagen staining, and increased GAG content.29 Glazebrook 
et  al30 reported decreased collagen fiber organization, intensified 
collagen staining, and increased nuclear density in Achilles ten-
dinopathy induced by overuse in rats. In contrast, in the 15-day 
experimental group, a significant decrease in cellular structures was 
observed compared to controls, whereas the density of predomi-
nantly regular and tightly packed collagen fibers increased. Reduced 
tenocyte numbers were mostly evaluated as Grade-2, showing sig-
nificant differences compared to controls (P < .05). However, in the 
30-day experimental group, morphological irregularities appeared 
to stabilize. This suggests that AA may cause early toxic effects at 
the cellular level, inducing apoptosis and altering cell morphol-
ogy. Collagen morphology analysis revealed that Grade-1 collagen 
morphology was more frequent in the 15-day experimental group, 
whereas Grade-0 morphology was more prevalent in the 15-day 

Table 3. Immunolocalization of MMP-2 protein in paraffin-embedded healing Achilles tendon tissue sections of 15- and 30-day experimental and control groups

​

MMP-2

Collagen matrix

Cells in stroma

EndotheliumTendinocytes HLM Chondroblasts

​Day 15 Experimental group + + ++++ * ++

Control group +++ +++ * * +++

​Day 30 Experimental group + ++ * ++++ +++

Control group ++ ++ * * +++
HLM, Hemosiderin-laden macrophages.

Table 4. Immunolocalization of MMP-7 protein in paraffin-embedded healing Achilles tendon tissue sections of 15- and 30-day experimental and control groups

​

MMP-7

Collagen matrix

Cells in stroma

EndotheliumTendinocytes HLM Chondroblasts

​Day 15 Experimental group −/+ ++ ++++ * +++

Control group −/+ ++++ * * +++

​Day 30 Experimental group − + * ++/+++ +/++

Control group + +++ * * ++

Table 5. Immunolocalization of MMP-9 protein in paraffin-embedded healing Achilles tendon tissue sections of 15- and 30-day experimental and control groups

​

MMP-9

Collagen matrix

Cells in stroma

EndotheliumTendinocytes HLM Chondroblasts

​Day 15 Experimental group − − ++++ * +++

Control group +++ +/++ * * +++

​Day 30 Experimental group + ++ * +++ ++

Control group + +++ * * ++++
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control group, with statistically significant differences (P < .05). The 
increase in collagen fiber amount in the 15-day experimental group 
may be due to a relative change caused by reduced cell numbers or 
an adaptive mechanism where the remaining cells increase colla-
gen production. Although quantitative immunofluorescent staining 
was not performed for collagen types 1 and 3, the study assessed 
matrix remodeling indirectly through MMP-2, MMP-7, and MMP-9 
expression, which are established regulators of collagen turnover 
and ECM reorganization. Therefore, while immunofluorescent 
quantification could provide additional detail, the approach offers a 
reliable indication of collagen dynamics during tendon healing and 
was considered methodologically appropriate for the current study. 
It should be emphasized that the model represents an acute surgical 
tendon injury rather than chronic overuse tendinopathy; therefore, 
comparisons with tendinopathy models should be interpreted cau-
tiously. Importantly, the model represents an acute surgical tendon 
injury rather than chronic overuse or inflammatory tendinopathy; 
thus, the findings should be interpreted strictly in the context of 
acute tendon healing.

Oxidative stress has been reported to act as a mediator in angiogen-
esis.31 In the study, blood vessels assessed as normal morphology 
(Grade-0) in all groups showed more frequent Grade-1 and Grade-2 
morphology in the 15-day experimental group, with Grade-3 (worst 
morphology) vessels observed only in this group. This may indicate 
oxidative stress induced by AA and a subsequent adaptive increase 
in angiogenesis. Li and Hua32 reported the absence of macrophages, 
neutrophils, or other inflammatory cells in histopathological exami-
nations of affected Achilles tendon tissue in tendinopathy; however, 

in the study, foam macrophages, hemosiderin-laden macrophages, 
inflammatory cells, and multinucleated giant cells were markedly 
increased in the 15-day experimental group. This inflammation, likely 
secondary to AA exposure, may negatively affect tendon healing.

Capsule formation was observed in both 15- and 30-day groups, with 
thicker capsules in the 30-day groups and the presence of multinu-
cleated cellular structures in some areas. Special staining revealed 
intense type 1 collagen fibers at the incision sites, whereas type 3 
collagen fibers were more abundant in the experimental groups. 
Excessive collagen accumulation may adversely affect tendon elas-
ticity and function. Notably, only in the 30-day experimental group, 
some areas showed tendon tissue surrounded not by typical spindle-
shaped fibroblasts but by rounded cells exhibiting a chondrocyte 
phenotype, indicative of cartilage metaplasia—a finding not previ-
ously discussed in AA-treated tendons. Although the mechanism 
behind the presence of these cell types is unclear, it may result from 
oxidative stress induced by AA or hypoxia caused by capillary dam-
age impairing tissue nutrition. Lai et al33 observed chondrocyte-like 
cells around tendon defects 4 weeks post-injury. Other chronic ten-
dinopathy histopathological studies have also reported chondrocyte-
like cells near micro-incision sites in the early disease stage and 
suggested possible tendon calcification and ossification as severe 
late changes.34,35 Genes related to cartilage formation (COL2A1, 
ACAN, COMP, SOX9) were significantly upregulated in rat Achilles 
tendon healing after 2 and 4 weeks of a high-glucose diet. COMP has 
been identified as a positive regulator during early and late chondro-
genesis stages, with high expression in both developing and mature 
cartilage.36 Comparing these results with the study suggests that the 
chondroblast presence in the 30-day experimental group may also 
be AA-related.

Matrix metalloproteinases are a family of zinc-dependent endo-
peptidases regulating ECM remodeling.37 They modulate all ECM 
components, including collagens, proteoglycans, and fibronec-
tin. Collagen degradation in tendons is initiated by MMPs.38 These 
enzymes are classified into collagenases (degrading types 1, 2, 3 col-
lagen), gelatinases (e.g., MMP-2 and MMP-9 degrading denatured 
collagens and type 4 collagen), stromelysins (e.g., MMP-7 degrading 
proteoglycans and various collagens), and membrane-type MMPs. 
Immunohistochemically, MMP-2, MMP-7, and MMP-9 showed weak 
reactions primarily in collagen fibers and tenocytes in the 15- and 
30-day experimental groups, whereas control groups exhibited 
higher expression levels. High-level expression of these MMPs was 
mainly observed in foamy macrophages (15-day) and chondroblasts 
(30-day). These proteins likely play crucial roles in tendon matrix deg-
radation and tissue remodeling. Appropriate upregulation of MMPs 
may be necessary for proper tissue remodeling and prevention of ten-
dinopathic changes. However, both insufficient and excessive MMP 
activity may disrupt matrix balance. In particular, altered MMP-7 
expression may influence cell–matrix interactions and thereby affect 
tendon structural organization. Alfredson et  al39 reported upregu-
lated MMP-2 expression in Achilles tendinopathy, while Ireland 
et al40 found no such increase, potentially due to differences in con-
trol tissue sources and inter-individual variability. Impaired MMP 
activity may disturb the delicate balance, leading to abnormal cellu-
lar responses to repeated stress, resulting in tendon dysfunction and 
rupture. The varied MMP expression in rats may underlie poor orga-
nization of repair tissue, and balancing MMP levels could enhance 
tendon regeneration. Therefore, modulation of MMP activity during 
the remodeling phase may critically determine the structural and 
functional quality of the repaired tendon.

Figure 4. (A) Volume fractions (%) of tendon structures relative to total area, with 
statistically significant differences between groups indicated by connecting lines 
with asterisks (P < .05), and (B) Bonar scoring levels.
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Tendon matrix is dynamic, continuously remodeling, especially in 
regions exposed to high mechanical tension. MMPs and their inhibi-
tors are critical for ECM remodeling, maintaining equilibrium in 
healthy tendons. Tendinopathic tendons exhibit increased matrix 
remodeling rates, resulting in mechanically weaker and more injury-
prone tissue. Clinical applications targeting MMPs in various ortho-
pedic disorders, including tendinopathies, are under investigation. 
Multi-step regulatory mechanisms of MMPs present potential targets 
for future drug therapies. Drugs reducing MMP activity to basal lev-
els and preventing excessive tissue degradation might profoundly 
impact tendinopathy management. Understanding complex inter-
actions among different MMPs and their inhibitors is essential for 
developing specific therapeutic strategies.

Although no direct studies have examined AA’s effects on tendons, 
research on AGEs and tendon health may provide insight, as AA 
can induce AGE formation in vivo. Advanced glycation end prod-
ucts accumulation in tendon tissue disrupts healing, weakens bio-
mechanical properties, alters collagen fiber organization, stiffens 
tissue, impairs function, and suppresses tenocyte mitochondrial 
function and proliferative capacity.41 These findings indirectly ques-
tion AA’s destructive potential on the Achilles tendon. There is no 
clear consensus on AA’s benefits versus risks. The morphometric 
analysis showed reduced cellular density at day 15 after AA expo-
sure, suggesting toxicity; however, by day 30, cell numbers balanced 
out, indicating that destructive effects did not persist. This may 
result from the low AA concentration used or functional processes 
mitigating AA’s harmful mechanisms, possibly enhancing fibroblast 
proliferation and collagen synthesis. Such adaptive processes may 
promote faster healing in injury-prone tissues like the Achilles ten-
don. Nonetheless, AA’s known carcinogenic and neurotoxic effects 
accumulate with long-term exposure. Although the low dose in the 
study limited destructive effects, it is crucial to acknowledge that 
AA’s impact depends on dose and exposure duration, warranting 
further research into potential systemic effects from chronic intake. 
Experimental studies investigating AA toxicity have used a wide 
range of doses depending on the target tissue and exposure duration, 
and no universally standardized dose exists for musculoskeletal or 
tendon-specific models.

Biomechanical testing showed no significant differences in maxi-
mum load capacity between experimental and control groups at both 
15 and 30 days (P > .05). Similarly, Kilinc et al19found no biomechani-
cal differences in rat tendon healing with gabapentin treatment and 
suggested its safe use for postoperative pain control and early mobi-
lization. Despite the lack of significant tensile test results, AA’s toxic 
and oxidative stress-inducing effects could potentially hinder early 
movement initiation, raising concerns for surgeons regarding early 
mobilization protocols.

Limitations of this study include the use of a single animal species, 
inclusion of only female rats, limited observation time points (15 and 
30 days), and the relatively low AA dose. The selected AA dose (5 
mg/kg, 3 times per week) was based on previous studies demonstrat-
ing systemic biological effects without excessive toxicity; however, 
no standardized dose exists for tendon-specific animal models, and 
reported doses and administration schedules vary widely.5,6,20-22 These 
factors may limit generalizability and warrant further studies. In 
addition, circulating blood levels of AA were not directly measured; 
therefore, systemic concentrations and local tendon tissue expo-
sure levels could not be quantified. Although previous experimental 

studies have demonstrated that AA administered via gastric gavage 
is absorbed through the gastrointestinal tract and enters systemic 
circulation, future studies incorporating pharmacokinetic assess-
ments would provide a more comprehensive understanding of 
tissue-specific exposure and biological effects.6Furthermore, quan-
titative immunofluorescent analysis of collagen types 1 and 3 was 
not performed; although MMP expression was assessed as an indi-
rect measure of collagen turnover, future studies could include direct 
quantitative collagen evaluation to provide more precise insight into 
tendon matrix remodeling.

In conclusion, the study demonstrates that AA exerts toxic effects at 
the cellular level in the early phase, which are subsequently limited. 
The effects of AA depend on dose and exposure duration, necessitat-
ing further studies to clarify its impact on tendon microarchitecture 
and healing processes in tendinopathies with increasing doses and 
chronic exposure. Such research can contribute to developing safer 
and more effective clinical treatments.
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