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Abstract

Background: Tranilast is an anti-inflammatory and antifibrotic agent known to inhibit
TGF-B-mediated fibroblast activation and matrix overproduction. Although its therapeu-
tic potential has been explored in several fibrotic and inflammatory conditions, its effects
on tendon healing remain unknown. This study aimed to evaluate the histopathological
and biomechanical impact of tranilast in a rat Achilles tendon repair model. Methods:
Thirty-two male Sprague-Dawley rats were randomly assigned to four subgroups, con-
trol (C-15, C-30) and tranilast-treated (TR-15, TR-30), and sacrificed on postoperative day
15 or 30. Tranilast (30 mg/kg/day) or placebo was administered intraperitoneally.
Tendons were subjected to biomechanical testing (maximum load to failure) and histo-
logical evaluation using Bonar and Movin scoring systems on Hematoxylin + Eosin
(HE)-, Masson Trichrome (MT)- and Alcian Blue (AB)-stained slides. Additional analyses
included Sirius Red histochemistry with assessment of collagen type I/IIl intensity and
polarization ratio, as well as H-scores for collagen I and III. Results: Tranilast produced
marked improvements in histopathological healing. Both TR-15 and TR-30 exhibited sig-
nificantly lower Bonar and Movin scores compared with controls, with reductions in
tenocyte degeneration, ground-substance accumulation, collagen disorganization, vascu-
larity, and hyalinization (all p < 0.01). However, biomechanical strength did not differ
significantly among the groups (p = 0.3948). Sirius Red analysis and collagen I/III H-
scores revealed no significant differences in collagen composition or polarization ratio.
Histological improvements were therefore not accompanied by measurable changes in
collagen subtype distribution or maximum load to failure. Conclusions: Tranilast was as-
sociated with favorable histopathological changes during Achilles tendon healing, in-
cluding improvements in cellular morphology, matrix organization, and overall Bonar
and Movin scores. However, these findings were not accompanied by significant differ-
ences in collagen composition or biomechanical strength within the 30-day observation
period. Further long-term and mechanistic studies are warranted to determine whether
these histopathological changes translate into functional improvements in tendon
biomechanics. Accordingly, the present findings should be considered preliminary and
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exploratory.
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1. Introduction

Tendon healing is a complex biological process involving inflammation, prolifera-
tion, and remodeling phases, which ultimately aim to restore tissue continuity and me-
chanical strength [1,2]. However, excessive fibroblast activation and collagen deposition
often result in scar tissue formation, leading to reduced tendon elasticity and mechanical
performance [3-5]. Therefore, the modulation of fibrosis represents a crucial therapeutic
target in tendon repair. Various antifibrotic agents have been investigated to limit exces-
sive extracellular matrix deposition in musculoskeletal tissues [5-9].

Among these agents, Tranilast (N-[3',4'-dimethoxycinnamoyl]-anthranilic acid) has
attracted considerable attention. Initially developed as an antiallergic compound, trani-
last has been approved for clinical use in Japan and South Korea since 1982 for the treat-
ment of bronchial asthma, atopic dermatitis, and allergic rhinitis [10-15]. Chemically,
Tranilast is an analog of a tryptophan metabolite and has shown a favorable safety pro-
file with minimal adverse effects in humans [10-12,14]. Beyond its antiallergic activity,
extensive research has revealed that Tranilast possesses broad anti-inflammatory and an-
tifibrotic effects, expanding its therapeutic potential to numerous pathological condi-
tions including fibrotic diseases, proliferative disorders, cardiovascular and autoimmune
diseases, ocular pathology, diabetes, renal diseases, and several forms of cancer [16].

The antifibrotic properties of Tranilast were first described by Suzawa et al. (1992),
who demonstrated that the drug inhibited the release of profibrotic cytokines from
monocyte-macrophage lineages in vitro [17]. Subsequent experimental studies reported
antifibrotic effects in multiple tissues, including diabetic renal fibrosis, cardiac fibrosis,
and skeletal muscle fibrosis, and suggested that Tranilast may suppress TGF-[-related
profibrotic signaling pathways [18-24].

The reported antifibrotic actions of Tranilast have been linked to modulation of
profibrotic signaling, including TGF-{3-related pathways, together with broader effects
on inflammatory and fibrotic mediators. Collectively, the available evidence suggests
that Tranilast may reduce fibroblast proliferation, collagen synthesis, and inflammatory
cytokine release, thereby limiting tissue fibrosis in a variety of experimental settings
[6,24,25].

Achilles tendon pathology is clinically important because even when tendon conti-
nuity is restored, patients may experience prolonged functional limitations and variable
recovery trajectories, and minimally invasive/percutaneous repair strategies continue to
evolve [26-31]. Despite growing evidence of Tranilast’s antifibrotic efficacy in multiple
organ systems, its potential influence on tendon healing remains unexplored. Given the
pivotal role of fibroblast-mediated collagen remodeling in tendon repair, elucidating the
effects of Tranilast on tendon regeneration may provide novel insights into antifibrotic
therapeutic strategies. Therefore, this study aimed to investigate the histopathological
and biomechanical effects of Tranilast following surgical repair of the rat Achilles ten-
don. Because the selected time points primarily represent the proliferative and early re-
modeling phases of healing, the findings should be interpreted within the context of
early reparative responses.

2. Materials and Methods
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2.1. Experimental Design and Animals

This experimental study included 32 young adult male Sprague-Dawley rats (aged
12-14 weeks, weighing approximately 330 g at the time of surgery). Male rats were ex-
clusively used to minimize potential variability related to hormonal fluctuations associ-
ated with the estrous cycle, which has been reported to influence tendon biology, colla-
gen turnover, and inflammatory responses. This approach is commonly adopted in ex-
perimental tendon healing models to ensure greater homogeneity and reproducibility of
histopathological and biomechanical outcomes.

The animals were randomly divided into two main groups (n = 16 each): a Control
group (C) and a Tranilast group (TR). Each group was further subdivided for sacrifice at
either 15 day (early reparative/proliferative phase) or 30 days (early remodeling phase)
after tendon repair, yielding four subgroups (Figure 1):

*  (C-15: Control group, sacrificed at day 15 (after daily intraperitoneal administration
of 1 mL of distilled water as placebo);

*  (C-30: Control group, sacrificed at day 30 (after daily intraperitoneal administration
of 1 mL of distilled water as placebo);

e TR-15: Tranilast group, sacrificed at day 15 after daily intraperitoneal administra-
tion of Tranilast (30 mg/kg/day);

e TR-30: Tranilast group, sacrificed at day 30 after daily intraperitoneal administra-
tion of Tranilast (30 mg/kg/day).

Experimental Timeline

................. " . Control (placebo) . Tranilast (30 mg/kg/day i.p.)

i 10-day
{ acclimatization |
1 1 1
I 1 1 e
Day 0 Day 15 Day 30
(Surgery)
Day 15 sacrifice
C-15 Placebo i.p. daily Day 30 sacrifice
Control 1 H
C-30 = Placebo i.p. daily
Control d
1 1
1 [}
5 1
TR ‘15 Tranilast 30 mg/kg/day i.p. 1
Tranilast :
TR-30 Tranilast 30 mg/kg/day i.p.
Tranilast
Day 15 — early proliferative phase Day 30 — early remodeling phase
Histology: HE, Masson Trichrome, Alcian Blue Histology: HE, Masson Trichrome, Alcian Blue
Sirius Red: COL-I / COL-IIl birefringence Sirius Red: COL-I / COL-III birefringence
IHC: COL-| & COL-IIl (H-score) IHC: COL-I & COL-lIl (H-score)
Biomechanics: Max load to failure (Fmax) Biomechanics: Max load to failure (Fmax)
Groups: C-15 (n = 8), C-30 (n = 8), TR-15 (n = 8), TR-30 (n = 8). i.p.: intraperitoneal.

Figure 1. Experimental timeline. After 10 days of acclimatization, 32 male Sprague-Dawley rats
underwent Achilles tendon transection and repair (Day 0) and were randomly assigned to four
subgroups (n = 4/subgroup for histology; n = 4/subgroup for biomechanics): control groups that re-
ceived daily intraperitoneal placebo injections (C-15, C-30) and tranilast-treated groups that re-
ceived 30 mg/kg/day tranilast intraperitoneally (TR-15, TR-30). Animals were sacrificed on Day 15
(early proliferative phase) or Day 30 (early remodeling phase). Harvested tendons were analyzed
by HE, Masson Trichrome, and Alcian Blue staining (Bonar and Movin scoring), Sirius Red histo-
chemistry (collagen type I/III birefringence), collagen type I and III immunohistochemistry (H-
score), and biomechanical testing (maximum load to failure, Fmax). C, control; TR, tranilast; i.p.,

intraperitoneally.

Tranilast (T714570, Toronto Research Chemicals, Toronto, ON, USA) was adminis-
tered intraperitoneally once daily. Intraperitoneal administration was selected to ensure
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consistent systemic exposure and dosing accuracy in a small-animal model while avoid-
ing variability related to local peritendinous distribution, leakage, or injection-site ef-
fects. This systemic route is widely used in rodent pharmacology studies where stable
daily exposure is required. The dose (30 mg/kg/day) was selected based on prior in vivo
studies demonstrating anti-inflammatory/antifibrotic efficacy of systemic Tranilast in ro-
dent models, and was chosen at the lower end of commonly used ranges to balance
pharmacologic activity with tolerability [16,24]. Control animals received the same vol-
ume of distilled water under identical conditions.

2.2. Housing and Husbandry

All animals were obtained from the Experimental Research and Skill Development
Center (BADABEM), Local Health Application and Research Center, which is an accred-
ited institutional laboratory animal breeding and research facility.

All animals were housed in the Experimental Animal Laboratory under controlled
environmental conditions (temperature: 22 + 2 °C, humidity: 40-60%) with a 12 h
light/12 h dark cycle. Standard pellet chow and tap water were provided ad libitum.
Rats were acclimatized for 10 days prior to the experiment. They were then allocated
into four subgroups (C-15, C-30, TR-15, TR-30) and housed in different cages, each con-
taining 4 rats, with proper labeling. Body weights were recorded weekly throughout the
4-week experimental period.

2.3. Surgical Procedure

A standardized Achilles tendon rupture and repair model was created; all opera-
tions were performed by the same surgeon to minimize variability. Each rat was
weighed preoperatively to calculate the precise drug doses. All animals received a single
preoperative subcutaneous injection of gentamicin (8 mg/kg) for antibiotic prophylaxis
and were anesthetized with ketamine/xylazine (80/10 mg/kg, intramuscular). The right
hind limb was shaved and disinfected with povidone-iodine (Batticon®, Adeka, Samsun,
Tiirkiye), and the operative area was covered with sterile drapes. A 2 cm longitudinal in-
cision was made on the posterior aspect of the right ankle to expose the Achilles tendon.
A complete transverse tenotomy was performed 2-4 mm proximal to the calcaneal inser-
tion using a No. 11 scalpel blade. The tendon was repaired using the Kessler technique
with 0-2 PDS sutures (DemeDiox®, DemeTECH, Florida, USA). The skin was closed with
2-0 silk sutures (Sterisilk®, 1stanbul,Tiirkiye), and the wound was cleaned with povi-
done-iodine.

For postoperative analgesia, carprofen (3 mg/kg; Rimadyl®, Pfizer, Istanbul, Tiirkiye)
was administered subcutaneously. Rats were monitored individually for 24 h and re-
turned to their cages thereafter. Analgesia was repeated every 12 h during the first post-
operative day if required. No immobilization or movement restriction was applied. All
animals were monitored daily for wound integrity, gait abnormalities, and signs of re-
rupture or infection. Tendon integrity was assessed clinically by observing weight-bear-
ing and gait function, and the repair site was inspected for abnormal gap formation, ex-
cessive swelling, or loss of continuity. In addition, at the time of harvest, all tendons
were macroscopically examined to confirm preservation of the repaired tendon structure
before biomechanical or histological processing. No postoperative complications, tendon
re-ruptures, wound dehiscence, or exclusions occurred in any group during the follow-
up period.

2.4. Treatment and Sacrifice Protocol

During the postoperative period, daily intraperitoneal injection was performed as
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follows:

¢ Control groups (C-15, C-30): 1 mL of distilled water (placebo);
e Tranilast groups (TR-15, TR-30): 30 mg/kg/day Tranilast in 1 mL of distilled water.

In both control subgroups (C-15 and C-30), animals received daily intraperitoneal
placebo injections (1 mL distilled water) until sacrifice (day 15 or day 30, respectively).
Animals in the C-15 and TR-15 groups were sacrificed on postoperative day 15 to evalu-
ate early-reparative/proliferative-phase tendon healing, whereas animals in the C-30 and
TR-30 groups were sacrificed on postoperative day 30 to evaluate early-remodeling-
phase tendon healing. The selected time points were designed to capture two biologi-
cally distinct stages of tendon healing in rats: day 15 represents the early
reparative/proliferative response with active cellularity and matrix turnover, and day 30
reflects a more advanced remodeling stage in which collagen organization and tissue
maturation become more prominent.

From each subgroup, animals were randomly allocated for histomorphometric or
biomechanical analyses, with four animals per subgroup used for histological evaluation
and four animals per subgroup used for biomechanical testing (total n = 8 animals per
subgroup; total n = 32 animals overall). Animals designated for biomechanical testing
had both right and left Achilles tendons excised. The contralateral (left) intact Achilles
tendon was collected as an internal reference to document native tendon mechanical be-
havior under the same testing conditions and to support quality control of specimen
handling and clamping. Group comparisons, however, were performed using the re-
paired right tendons, which represented the experimental endpoint.

At each predetermined endpoint (days 15 and 30), animals were deeply anes-
thetized with an intraperitoneal overdose of ketamine (80 mg/kg) and xylazine (10
mg/kg). After confirming complete loss of the pedal reflex, humane euthanasia was per-
formed by cervical dislocation in accordance with AVMA Guidelines (2020).

2.5. Histological, Histochemical, Immunohistochemical, and Biomechanical Analyses

Excised Achilles tendons, including both origin and insertion sites, were processed
for either histological or biomechanical assessment. Samples for biomechanical testing
were stored at —20 °C until analysis. Biomechanical tests were performed at the Yildiz
Technical University Department of Mechanical Engineering Laboratory using an AVSA
500 kg/n electromechanical tensile testing machine(Instron 5982. Massachusetts, USA) at
a traction rate of 1 mm/s. The maximum load to failure (Fmax) was recorded digitally.
The repair was performed using absorbable 0-2 PDS sutures, and sutures were not re-
moved prior to mechanical testing; thus, the measured load-to-failure reflects the in situ
tendon-repair construct at the time of harvest (Figure 2A,B).

a
S

ot
wie

e

in

Maximum Load to Failure (N)
.

C-15 C-30 TR-15 TR-30

Groups

Figure 2. Biomechanical testing setup and maximum load to failure values. (A) Representative
photographs of the electromechanical tensile testing machine (AVSA 500 kg/n) showing tendon
specimen fixation between the clamps prior to testing (left: frontal view; right: lateral view). (B)

Representative photographs of tendon-bone construct specimens following failure, demonstrating
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the rupture site at the repair zone. (C) Maximum load to failure (Fmax) values across the four ex-
perimental groups. Data are presented as scatter plots with individual data points superimposed
on the mean =+ standard deviation (SD; n =4 per group). Each symbol represents an individual ani-
mal. No statistically significant differences were detected among groups (one-way ANOVA, p =
0.3948). C-15, control group sacrificed on postoperative day 15; C-30, control group sacrificed on
postoperative day 30; TR-15, tranilast-treated group sacrificed on postoperative day 15; TR-30,

tranilast-treated group sacrificed on postoperative day 30; ns, not significant.

For histological evaluation, specimens were fixed in 10% neutral buffered formalin,
processed routinely, embedded in paraffin, and sectioned at 4 um thickness. Slides were
stained with hematoxylin—eosin (H&E) for morphological assessment. For histochemical
evaluation, serial sections on positively charged slides were stained with Masson
Trichrome (MT) and Alcian Blue (AB) using an automated histostainer and assessed ac-
cording to the Bonar and Movin scoring systems. Additional sections were subjected to
Sirius Red histochemical staining to assess collagen birefringence and relative collagen
fiber composition using an automated immunostainer. Immunohistochemical staining
for collagen type I and type III was performed using specific primary antibodies, and ex-
pression levels were quantified using an H-score method. Sirius Red staining was used
as a complementary histochemical method to assess collagen organization and birefrin-
gence, rather than as a substitute for immunohistochemistry. Sirius Red-stained sections
were examined under both bright-field and polarized light microscopy.

Quantitative measurements reported in Table 1 were obtained exclusively from dig-
itally captured bright-field images using standardized image analysis protocols (inten-
sity-based quantification). Polarized light microscopy was used for qualitative assess-
ment of collagen birefringence at the microscope; however, representative polarized mi-
crographs could not be digitally recorded because the available imaging system lacked a
compatible polarized digital acquisition setup at the time of evaluation. Accordingly, no
quantitative data were derived from polarized light observations, and all reported nu-
merical values reflect objective image-based measurements rather than visual
estimation.

Table 1. Sirius Red birefringence analysis (Mean + SD).

4

Parameter C-15 C-30 TR-15 TR-30 Post Hoc p Values
(Overall)
C-15vs.
0.6548
C-30
C-15vs.
0.6548
TR-15
Mean C-15vs.
0.7904
Typel 2.63 + 1.88 + 1.89 + 3.00 + 0.2103 TR-30
intensity 0.25 0.63 0.63 1.41 ' C-30 vs.
0.9837
(0-3) TR-15
C-30 vs.
0.4105
TR-30
TR-15 vs.
0.4105
TR-30
Mean 125+ 1.00 + 0.99 + 1.50 + 0.2279 C-15 vs. 0.8145
Type 111 0.29 0.00 0.39 0.58 C-30 '
intensity C-15vs. 0.8145
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Parameter C-15 C-30 TR-15 TR-30 P Post Hoc p Values
(Overall)
(0-3) TR-15
C-15vs.
0.8145
TR-30
C-30 vs.
0.9633
TR-15
C-30 vs.
0.3870
TR-30
TR-15 vs.
0.3870
TR-30
C-15vs.
0.9865
C-30
C-15vs.
0.9865
Polarization TR-15
o = C-15vs.
ratio Y 09875
Type 0.68 = 0.64 + 0.65 + 0.61+ 0.3001 TR-30
I/(Type I 0.07 0.09 0.14 0.08 ’ C-30 vs.
0.9865
+ Type TR-15
111) C-30 vs.
0.9865
TR-30
TR-15 vs.
0.9865
TR-30

Quantitative values were derived from digital bright-field image analysis; polarized light mi-
croscopy was used for qualitative assessment only.

Slides were evaluated under an Olympus CX51 microscope (Olympus Corp., Tokyo,
Japan) by a pathologist blinded to group allocation and treatment status. All Bonar and
Movin scores were assigned by the same blinded evaluator using predefined scoring cri-
teria and randomized specimen assessment to minimize observer bias. Because scoring
was performed by a single evaluator, inter-observer reliability and formal repeatability
analyses were not assessed and should be addressed in future studies.

In Bonar scoring, four variables—tenocyte morphology/proliferation, ground sub-
stance (GAG) content, collagen bundle alignment, and vascularity —were each graded
from 0O (best) to 3 (worst), yielding a total score of 0-12. For each Bonar parameter, grad-
ing was performed according to well-established histomorphological definitions de-
scribed in the original Bonar scoring system, with score 0 representing near-normal ten-
don morphology and score 3 indicating severe pathological alteration. These definitions
include progressive changes in tenocyte morphology and density, increasing ground
substance accumulation, loss of parallel collagen bundle alignment, and increasing vas-
cularity. All scores were assigned based on representative fields reflecting the dominant
morphology of each specimen. In Movin scoring, eight parameters—fiber structure, fiber
arrangement, nuclear morphology, regional cellularity, increased vascularity, decreased
collagen staining (MT), hyalinization, and GAG content (Alcian Blue) —were each scored
0-3 (total = 24).

Immunohistochemical staining intensity for Collagen Type I and Type III was semi-
quantitatively evaluated using an H-Score (Intensity x %Area; 0-300). This approach
provides a standardized semi-quantitative measure of protein expression distribution
across the tissue. The polarization ratio [Type I/(Type I + Type III)] was also calculated to
assess tendon maturation.
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Although both Bonar and Movin systems include a ground substance/GAG domain,
the scoring definitions and the histochemical readout used to represent this domain are
not identical; therefore, small differences in ordinal GAG trends between systems may
occur, particularly in the presence of focal matrix heterogeneity.

Immunohistochemical staining intensities for Collagen Type I and Collagen Type III
were semi-quantitatively assessed using the H-score method, which combines staining
intensity and the percentage of positively stained tissue area to provide an integrated as-
sessment of protein expression. The H-score was calculated as the product of staining in-
tensity and the percentage of positive staining (range: 0-300), consistent with previously
published tendon-healing studies. Additionally, the polarization ratio, calculated as Type
I/(Type I + Type III), was used as an indicator of relative tendon maturation.

2.6. Statistical Analysis

All statistical analyses were performed using GraphPad Prism (version 8.1.1,
GraphPad Software, San Diego, CA, USA). Data normality was assessed with the
Kolmogorov-Smirnov test. Parametric variables were compared using one-way
ANOVA, followed by Tukey’s multiple comparison test. Non-parametric data
(histopathological scores) were analyzed using the Kruskal-Wallis test, and significant
results were further evaluated with Mann-Whitney U tests for pairwise comparisons.
Results were expressed as mean + standard deviation (SD) or median [IQR], and a p <
0.05 was considered statistically significant. Histopathological scores (Bonar and Movin),
being ordinal variables, were primarily analyzed using non-parametric methods; al-
though these data are shown as mean + SD for consistency with previous literature, they
should be interpreted as ordinal semi-quantitative variables.

Given the exploratory nature of this experimental study, a formal a priori power
analysis was not performed. Sample sizes were determined based on previously pub-
lished experimental tendon-healing studies employing similar histopathological and
biomechanical endpoints. Because each subgroup was divided into n = 4 specimens for
histological evaluation and n = 4 specimens for biomechanical testing, the biomechanical
analyses should be interpreted as exploratory and may have been underpowered to de-
tect small-to-moderate treatment effects in the presence of biological variability.

A sensitivity-based power consideration indicated that, assuming o = 0.05 and 80%
power, the available biomechanical sample size would be sufficient to detect only very
large between-group effects for maximum load to failure (approximately Cohen’s f > 0.97
for one-way ANOVA, corresponding to Cohen’s d > 2.38 for pairwise comparisons).
Therefore, smaller but potentially biologically relevant biomechanical differences may
have remained undetected, and negative biomechanical findings should be interpreted
with caution.

2.7. Ethical Approval

All animal experiments were conducted in accordance with the National Guidelines
for the Care and Use of Laboratory Animals and complied with the EU Directive
2010/63/EU [32] for animal experimentation The study protocol was reviewed and ap-
proved by the Experimental Research and Skill Development Center (BADABEM),
Istanbul Bagcilar Health Application and Research Center, University of Health Sciences
(Meeting No.: 2023/35, Project No.: 2023-11). Every effort was made to minimize animal
suffering and reduce the number of animals used.

3. Results

3.1. Biomechanical Evaluation
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The maximum load to failure (Fmax) values for the four groups are presented in
Figure 2C. Although the mean Fmax was numerically higher in the 30-day subgroups
compared with the 15-day subgroups within both the control and Tranilast-treated ani-
mals, these differences did not reach statistical significance (p = 0.3948).

Biomechanical testing revealed no statistically significant differences in maximum
load to failure between control and tranilast-treated tendons at either 15 or 30 days, al-
though a non-significant trend toward higher values was observed at day 30 in both
groups.

3.2. Bonar Histopathological Scoring

Significant differences were observed among the four groups across all Bonar scor-
ing parameters (Table 2). Tranilast-treated tendons demonstrated lower overall Bonar
scores than controls, with differences mainly involving tenocyte morphology, ground
substance (GAG), collagen bundle alignment, and vascularity depending on the specific
comparison (Figures 3 and 4). These improvements were evident during both the early
reparative/proliferative phase (day 15) and the early remodeling phase (day 30).
Consequently, total Bonar scores were significantly lower in the TR-15 and TR-30 groups
than in their respective control counterparts, indicating a marked attenuation of degen-
erative tendon changes with tranilast treatment.

Table 2. Bonar histopathological scoring (Mean + SD).

Parameter C-15 C-30 TR-15 TR-30 P Post Hoc p Value
(Overall)
C-15vs.
>0.9999
C-30
C-15vs.
0.0094
TR-15
Tenocyt GV 1062
oY 300+ 250+ 1.00 + 1.50 + TR-30 ’
morphology/proliferation 0.0005
0.00 0.58 0.00 0.58 C-30 vs.
(0-3) 0.1062
TR-15
C-30 vs.
0.6831
TR-30
TR-15 vs.
>0.9999
TR-30
C-15vs.
>0.9999
C-30
C-15vs.
0.0187
TR-15
C-15vs.
Ground 0.0491
250 + 2.00 + 0.25+ 0.50 + TR-30
substance/GAG 0.0002
0.58 0.00 0.50 0.58 C-30 vs.
(0-3) 0.1178
TR-15
C-30 vs.
0.2590
TR-30
TR-15 vs.
>0.9999
TR-30
Collagen 275+ 250 + 0.75 1.50 = 0.0023 C-15vs.
>0.9999
bundle 0.50 0.58 0.50 0.58 C-30
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4

Parameter C-15 C-30 TR-15 TR-30 Post Hoc p Value
(Overall)
alignment C-15vs. 18
0.0187
(0-3) TR-15
C-15vs.
0.3112
TR-30
C-30 vs.
0.0616
TR-15
C-30 vs.
0.7191
TR-30
TR-15 vs.
>0.9999
TR-30
C-15vs.
>0.9999
C-30
C-15vs.
0.1317
TR-15
C-15vs.
. 0.0193
Vascularity 2.00 + 2.00 + 1.00 + 0.50 + 0.0002 TR-30
(0-3) 0.00 0.00 0.00 0.58 ' C-30 vs.
0.1317
TR-15
C-30 vs.
0.0193
TR-30
TR-15 vs.
>0.9999
TR-30
C-15vs.
0.4253
C-30
C-15vs.
<0.0001
TR-15
TOTAL IV 60002
10.25 + 9.00 + 3.00 + 4.00 + TR-30 ’
BONAR <0.0001
0.96 1.16 0.82 2.31 C-30 vs.
(0-12) 0.0003
TR-15
C-30 vs.
0.0011
TR-30
TR-15 vs.
0.4253
TR-30
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Figure 3. Representative histological images of repaired Achilles tendons from control (C-15, C-30)
and tranilast-treated (TR-15, TR-30) groups stained with hematoxylin-eosin (HE), Masson
trichrome (MT), and Alcian blue (AB). Square-marked areas in HE images indicate representative
regions of cellularity used for semi-quantitative scoring. Asterisks (*) highlight vascular structures
corresponding to the vascularity component of the Bonar and Movin scoring systems. Circled re-
gions indicate collagen bundle organization and alignment patterns, which are particularly evi-
dent in low-magnification views. Representative images were selected from areas corresponding
to the dominant histopathological features used for scoring. At day 15, cellularity and vascularity
were more prominent, whereas at day 30, collagen organization and matrix remodeling features
predominated. All photomicrographs were acquired at uniform magnification with a 50 pm scale

bar to allow for direct comparisons between groups.

HE
Tenocyte
morphology

MT
Collagen
alignment

AB
Ground
substance

Figure 4. Representative histological images illustrating the morphological features corresponding
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to increasing Bonar score grades. Images were selected from study specimens and demonstrate
characteristic changes in tendon cellularity, collagen bundle organization, vascularity, and ground
substance accumulation used during semi-quantitative scoring. Representative regions were cho-
sen to reflect the dominant histopathological features associated with each score category. All im-

ages were obtained under identical imaging conditions and magnification.

Although vascularity scores were numerically lower in TR-15 than in C-15, this dif-
ference did not reach statistical significance, which may reflect the expected peak neo-
vascular response around two weeks after repair and the limited statistical power associ-
ated with small subgroup sizes. By day 30, physiological regression of neovessels during
the remodeling phase may have accentuated between-group differences, resulting in a
statistically significant reduction in vascularity in the TR-30 group compared with C-30.

3.3. Movin Histopathological Scoring

Movin scoring demonstrated significant overall differences among groups, reflect-
ing distinct patterns of tendon matrix organization and cellular morphology (Table 3).
Compared with controls, tranilast-treated tendons showed lower scores in several
Movin domains, including fiber structure, fiber arrangement, nuclear morphology, re-
gional cellularity, vascularity, decreased collagen staining, and hyalinization, although
not all pairwise comparisons were significant at both time points. GAG content did not
differ significantly between groups. Consequently, total Movin scores were significantly
lower in both TR-15 and TR-30 groups than in their respective controls, indicating an
overall improvement in histopathological tendon quality with tranilast treatment
(Figure 3).

Table 3. Movin histopathological scoring (Mean + SD).

Parameter C-15 C-30 TR-15 TR-30 P Post Hoc p Value
(Overall)
C-15 vs.
0.6027
C-30
C-15 vs.
0.0064
TR-15
b C-15 vs. 0.0298
toer 275+ 250 + 0.75+ 125+ TR-30 '
structure 0.0027
0.50 0.58 0.50 0.96 C-30 vs.
(0-3) 0.0140
TR-15
C-30 vs.
0.0597
TR-30
TR-15 vs.
0.5185
TR-30
Fiber 275+ 2.50 + 1.00 = 1.50 + 0.0007 C-15vs. 0.4744
arrangement 0.50 0.58 0.00 0.58 C-30 ’
(0-3) C-15vs.
0.0014
TR-15
C-15 vs.
0.0122
TR-30
C-30 vs.
0.0041
TR-15

C-30 vs. 0.0357
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Parameter C-15 C-30 TR-15 TR-30 P Post Hoc p Value
(Overall)
TR-30
TR-15 vs.
0.3035
TR-30
C-15vs.
0.0023
C-30
C-15vs.
<0.0001
TR-15
C-15vs.
Nuclear <0.0001
.00 + 225+ 1.00 + 1.00 + TR-30
morphology <0.0001
0.00 0.50 0.00 0.00 C-30 vs.
(0-3) <0.0001
TR-15
C-30 vs.
<0.0001
TR-30
TR-15 vs.
>0.9999
TR-30
C-15vs.
>0.9999
C-30
C-15vs.
<0.0001
TR-15
. C-15vs.
Regional 0.0004
. 2.00 + 2.00 + 0.75 + 1.00 = TR-30
cellularity <0.0001
0.00 0.00 0.50 0.00 C-30 vs.
(0-3) <0.0001
TR-15
C-30 vs.
0.0004
TR-30
TR-15 vs.
0.3320
TR-30
C-15vs.
0.3035
C-30
C-15vs.
0.0009
TR-15
I d VS ) 0025
nereased K 00+ 250+ 0.25 + 0.50 + TR-30 '
vascularity <0.0001
0.00 0.58 0.50 0.58 C-30 vs.
(0-3) 0.0001
TR-15
C-30 vs.
0.0004
TR-30
TR-15 vs.
0.4744
TR-30
Decreased  2.50 + 2.00 + 0.75 + 0.75 + 0.0002 C-15 vs. 0.2729
collagen 0.58 0.00 0.50 0.50 C-30 '
staining C-15vs. 0.0009
(MT) (0- TR-15 '
3) C-15 vs.
0.0009
TR-30

C-30 vs. 0.0088
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4

Parameter C-15 C-30 TR-15 TR-30 Post Hoc p Value
(Overall)
TR-15
C-30 vs.
0.0088
TR-30
TR-15 vs.
>0.9999
TR-30
C-15 vs.
>0.9999
C-30
C-15 vs.
0.0022
TR-15
C-15 vs.
0.1170
Hyalinization1.00 + 1.00 = 0.00 = 0.50 + 0.0009 TR-30
(0-3) 0.00 0.00 0.00 0.58 ' C-30 vs.
0.0022
TR-15
C-30 vs.
0.1170
TR-30
TR-15 vs.
0.1170
TR-30
C-15 vs.
0.9477
C-30
C-15vs.
0.9477
TR-15
GAG C-15vs.
0.3474
content 2.50 + 2.00 + 2.00 + 0.50 + 0.2646 TR-30
(AB) (0- 0.58 0.00 2.71 0.58 ’ C-30 vs.
>0.9999
3) TR-15
C-30 vs.
0.5804
TR-30
TR-15 vs.
0.5804
TR-30
C-15 vs.
0.8514
C-30
C-15 vs.
0.0005
TR-15
TOTAL CI5vs 4 0005
18.50 + 17.50 + 725+ 7.50 + TR-30 )
MOVIN <0.0001
1.92 2.65 1.50 4.12 C-30 vs.
(0-24) 0.0008
TR-15
C-30 vs.
0.0008
TR-30
TR-15 vs.
0.8993
TR-30

3.4. Sirius Red Birefringence Analysis

Sirius Red birefringence analysis revealed no statistically significant differences
among groups in collagen type I intensity, type Il intensity, or polarization ratios
(Table 1). Although numerical variability was observed across time points and treatment
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groups, none of these differences reached statistical significance. Similarly, the polariza-
tion ratio [Type I/(Type I + Type III)], which reflects collagen maturation, remained com-
parable across all groups. These findings indicate that tranilast did not induce measur-
able changes in collagen birefringence or fiber-level maturation within the 30-day obser-
vation period, despite the clear histological improvements observed in other tendon-
healing parameters.

3.5. Immunohistochemical Expression (H-Score)

Immunohistochemical assessment of collagen Type I and Type III expression re-
vealed no statistically significant differences among the groups (Table 4). For Collagen
Type I, H-scores exhibited numerical variation (p = 0.1888). C-15 showed the highest ex-
pression (39.00 + 1.41), while C-30 demonstrated the lowest (11.67 + 7.64). TR-15 and TR-
30 presented intermediate values (22.50 + 3.54 and 32.50 + 24.75, respectively). However,
none of the pairwise post hoc comparisons reached statistical significance, indicating
that Tranilast did not significantly alter Type I collagen immunoreactivity.

Table 4. Immunohistochemical expression (H-Score) (Mean + SD).

Parameter C-15 C-30 TR-15 TR-30 P Post Hoc p Value
(Overall)
C-15vs.
C-30 0.2994
C-15vs.
TR-15 0.6558
Collagen C-15vs.
Typel 39.00 = 11.67 + 22.50 + 32.50 + 0.1888 TR-30 0.7561
(H-Score, 141 7.64 3.54 24.75 C-30 vs.
0-300) TR-15 0.7561
C-30 vs.
TR-30 0.4729
TR-15 vs.
TR-30 0.7561
C-15vs.
C-30 0.9717
C-15vs.
TR-15 0.9717
Collagen C-15vs.
Type III 18.33 + 13.33 + 16.67 + 38.33 + 0.2460 TR-30 0.4610
(H-Score, 2.89 7.64 5.77 28.43 C-30 vs.
0-300) TR-15 0.9717
C-30 vs.
TR-30 0.3802
TR-15 vs.

TR-30 0.4610

Similarly, Collagen Type III expression did not differ significantly across groups (p =
0.2460). Type III H-scores were comparable between C-15 (18.33 + 2.89), C-30 (13.33 +
7.64), and TR-15 (16.67 +5.77). TR-30 showed a higher mean value (38.33 + 28.43), but the

variation was wide and statistically insignificant (Figure 5).
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Figure 5. Sirius Red staining and immunohistochemical expression of collagen type I (COL-I) and
collagen type III (COL-II) in repaired Achilles tendons from control (C-15, C-30) and tranilast-
treated (TR-15, TR-30) groups. Bright-field Sirius Red images demonstrate overall collagen distri-
bution, while polarized light images reveal collagen fiber birefringence patterns corresponding to
collagen type I (red—orange) and collagen type III (green—yellow). Polarized light images are pre-
sented for qualitative visualization of birefringence patterns only; quantitative collagen measure-
ments were derived from digital bright-field image analysis. Circled areas in selected panels high-
light regions exhibiting green birefringence, particularly in the day 30 groups (C-30 and TR-30).
COL-I and COL-III immunohistochemical panels demonstrate collagen expression patterns at the
repair site. Representative images were selected from regions corresponding to areas used for
semi-quantitative analysis. No consistent visual differences in collagen subtype distribution were
observed between groups, in agreement with the quantitative findings.

4. Discussion

Tendon healing is a complex, multi-stage process characterized by an early
reparative/proliferative phase, followed by proliferative matrix deposition and progres-
sive remodeling [33]. Even with modern surgical repair techniques, the regenerated tis-
sue often remains mechanically inferior to native tendon because healing frequently pro-
ceeds through scar-prone remodeling rather than true regeneration [34]. Therefore, phar-
macologic agents capable of modulating these pathological features have gained increas-
ing attention [2,4,5,9,35].

In the present study, we evaluated the effects of Tranilast, an antifibrotic and anti-in-
flammatory agent reported to modulate TGF-B-mediated pathways, in a rat Achilles ten-
don repair model. Tranilast treatment resulted in significantly lower Bonar and Movin
scores during both the reparative/proliferative and early remodeling phases, indicating
improved histopathological healing. These improvements were primarily reflected by
more favorable tenocyte morphology, collagen organization, and vascularity scores. In
contrast, no significant differences were observed in Sirius Red birefringence, immuno-
histochemical collagen expression, or biomechanical strength. Collectively, these find-
ings suggest that Tranilast is associated with improved histopathological features of ten-

https://doi.org/10.3390/bioengineering13070768


https://doi.org/10.3390/bioengineering13070768

Bioengineering 2026, 13, 768

17 of 22

don healing, although these effects were not accompanied by measurable changes in col-
lagen maturation or mechanical properties within the 30-day observation period. Minor
discrepancies between Bonar and Movin GAG-related findings likely reflect differences
in scoring criteria and local tissue heterogeneity.

Clinically, an intervention that improves tendon matrix quality (by reducing abnor-
mal cellularity, neovascularization, and matrix degeneration) may be valuable even
when early tensile strength is unchanged, because these histological domains are linked
to scar-prone healing and tendinopathy-like remodeling. Commonly used adjunctive
treatments in clinical practice (e.g., NSAIDs or corticosteroids) primarily target inflam-
mation and pain, yet their effects on tendon structure and long-term mechanical recov-
ery are inconsistent, and excessive suppression of inflammatory signaling may impair
matrix remodeling [7,8]. In this context, tranilast may represent a mechanistically dis-
tinct strategy aimed at modulating fibrotic pathways and improving tissue organization,
although adequately powered studies with longer follow-up are required to determine
whether these microscopic benefits translate into clinically meaningful functional gains.

Although tranilast improved histopathological healing, these changes were not ac-
companied by measurable gains in biomechanical strength. Similar discrepancies be-
tween microscopic and mechanical outcomes have been reported in previous studies
evaluating biological and pharmacological modulation of tendon healing, suggesting
that favorable tissue architecture does not necessarily translate into early improvements
in tensile properties [4,5,34].

A similar pattern was reported by Liu et al. (2025), one of the few experimental
studies evaluating the biomechanical effects of tranilast in skeletal tissue. Although
weight-bearing exercise improved femoral mechanical properties, the addition of trani-
last attenuated these gains, suggesting that antifibrotic modulation may influence the tis-
sue remodeling processes required for mechanical reinforcement [36]. Consistent with
these findings, tranilast did not improve biomechanical strength in the present study de-
spite favorable histopathological outcomes. However, the relatively small subgroup size
and limited follow-up period warrant cautious interpretation of these results. An alter-
native explanation is that tranilast may primarily modulate scar formation and tissue ap-
pearance without substantially enhancing functional tendon regeneration during the
early stages of healing. Histopathological improvements, including reduced cellular de-
generation, lower vascularity, and improved collagen organization, do not necessarily
indicate restoration of the native hierarchical structure required for mechanical load
transmission. Therefore, the observed improvements in Bonar and Movin scores may re-
flect a more mature histological appearance rather than a corresponding increase in
functional tissue competence. This distinction may partly explain why significant micro-
scopic improvements were not accompanied by measurable gains in maximum load to
failure within the 30-day observation period.

Although no previous study has evaluated tranilast using Bonar or Movin scoring
systems, the histopathological improvements observed in our study are consistent with
its known anti-inflammatory and antifibrotic properties. Tranilast-treated tendons
demonstrated more favorable scores in several domains, including vascularity, collagen
organization-related features, nuclear morphology, and hyalinization, suggesting a shift
toward a more mature tendon matrix. These findings are in line with previous reports
showing that pathological tendon degeneration is characterized by increased vascularity,
matrix disorganization, and altered cellular morphology [37], while tranilast has been
shown to suppress fibroblast activity and modulate profibrotic signaling pathways, in-
cluding TGF-{-related mechanisms [35,36,38]. However, because molecular markers
were not directly assessed in the present study, the involvement of these pathways re-
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mains speculative and warrants further investigation. Furthermore, neither Sirius Red
birefringence analysis nor collagen type I/IIl immunohistochemical expression demon-
strated significant differences between groups. Therefore, the biological mechanisms un-
derlying the observed histopathological improvements remain unresolved, and these
findings should not be interpreted as direct evidence of antifibrotic activity within the
healing tendon. Future studies evaluating fibrosis-related molecular markers, including
TGF-1, CTGE, a-SMA, COL1A1, and COL3A1, are required to clarify the pathways re-
sponsible for these observations.

The reduction in hyalinization further supports a potential modulatory effect of
tranilast on tendon remodeling. Previous studies in fibrotic disease models have shown
that tranilast can attenuate pathological tissue remodeling and influence extracellular
matrix homeostasis [39,40]. Consistent with these observations, tranilast-treated tendons
in the present study exhibited lower Bonar and Movin scores, suggesting improved
histopathological remodeling.

In our study, Sirius Red birefringence and collagen type I/IIl immunohistochemical
expression did not differ significantly between groups at either time point, suggesting
that tranilast did not substantially alter collagen composition during the early phases of
tendon healing. These methods are semi-quantitative and may be influenced by fiber ori-
entation, staining conditions, and tissue heterogeneity, which could contribute to vari-
ability in collagen-related measurements. Although previous experimental studies have
reported antifibrotic effects of tranilast, including suppression of collagen synthesis and
extracellular matrix remodeling [17,22,41,42], such effects were not clearly demonstrated
in the present tendon repair model. This discrepancy may indicate that tranilast influ-
ences tissue organization and remodeling more readily than overall collagen content
during early healing [43].

This study has several limitations. First, the model represents acute tendon injury
and repair rather than chronic degenerative tendinopathy, which may limit direct clini-
cal translation. Second, the follow-up period was restricted to 15 and 30 days and may
not have captured long-term effects of tranilast on tendon remodeling and mechanical
maturation. Because only the reparative/proliferative and early remodeling phases were
evaluated, potential effects of tranilast on the initial inflammatory response, including
neutrophil and macrophage infiltration during the first postoperative week, could not be
assessed [44]. Furthermore, biomechanical assessment was limited to maximum load to
failure. Additional mechanical parameters, including stiffness, viscoelastic behavior, and
other functional properties evaluated in previous tendon-healing studies, may provide
complementary information regarding tissue quality and functional recovery [45].
Although tranilast produced favorable histopathological changes, no significant biome-
chanical differences were observed; this may reflect the limited follow-up period and the
relatively small biomechanical sample size (n = 4 per subgroup), increasing the risk of
type Il errors. Residual suture material may have also influenced tensile testing results.
The biomechanical subgroup size was small (n = 4 per group). Sensitivity-based power
estimation indicated that this sample size would only detect very large effects in maxi-
mum load to failure; therefore, smaller but potentially meaningful treatment-related
biomechanical differences may have remained undetected. Third, histological assess-
ment was performed by a single blinded evaluator, and inter-observer reliability was not
assessed. Finally, Sirius Red birefringence and immunohistochemical analyses are semi-
quantitative methods and may not detect subtle alterations in collagen organization or
turnover. Furthermore, detailed methodological records regarding the immunohisto-
chemical evaluation, including the exact number of microscopic fields analyzed per
specimen, magnification used for scoring, intensity-grading procedures, and the use of
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software-assisted image analysis, were not available because the assessment was per-
formed as part of routine pathological evaluation. Consequently, the reproducibility of
this aspect of the study is limited and the immunohistochemical findings should be in-
terpreted with appropriate caution. Future studies incorporating longer follow-up,
larger sample sizes, quantitative molecular analyses, and automated image-based assess-
ment techniques are warranted [46].

Importantly, the favorable findings observed in the tranilast-treated groups should
be interpreted as improvements in histopathological appearance rather than definitive
enhancement of tendon regeneration. Although Bonar and Movin scores indicated more
mature tissue architecture and improved matrix organization, no significant differences
were detected in collagen subtype expression, collagen birefringence, or biomechanical
strength. Therefore, restoration of native tendon structure and function cannot be con-
cluded from the present data. Furthermore, ultrastructural assessment of collagen fibril
architecture and fiber orientation was not performed; consequently, conclusions regard-
ing collagen alignment and matrix remodeling are based on established histopathologi-
cal scoring systems rather than direct ultrastructural evaluation. Future studies incorpo-
rating advanced imaging techniques, molecular analyses, and longer-term functional as-
sessment are required to clarify the biological and functional significance of these
findings.

Furthermore, the Bonar and Movin scoring systems were originally developed for
the assessment of chronic tendinopathic tissue rather than acute tendon healing.
Although both systems are widely used in experimental tendon-healing studies and pro-
vide standardized semi-quantitative assessment of tissue architecture, cellularity, vascu-
larity, and extracellular matrix organization, their application to regenerative tendon re-
pair should be interpreted with caution.

Additionally, advanced quantitative morphometric analyses of collagen architecture
and proteoglycan distribution were not performed. Future studies incorporating objec-
tive digital image-analysis techniques and automated quantitative assessment methods
may help further validate the semi-quantitative histological findings reported here.

Tranilast was administered systemically rather than locally, and drug exposure at
the repair site was not assessed. Therefore, the optimal route of administration and dose
for tendon healing remain uncertain. In addition, functional outcome measures such as
gait analysis or grip-strength testing were not evaluated. Future studies incorporating
local delivery strategies, functional assessments, and longer follow-up periods may pro-
vide a more comprehensive evaluation of tendon healing.

5. Conclusions

In this experimental rat model of Achilles tendon repair, tranilast was associated
with favorable histopathological changes, reflected by lower Bonar and Movin scores
and improvements in several microscopic features of tendon healing. However, these
findings should be considered preliminary, as no corresponding differences were ob-
served in collagen birefringence, collagen type I/IIl expression, or biomechanical
strength during the 30-day follow-up period. Collectively, the results suggest that trani-
last may influence histopathological remodeling during tendon healing, although the
underlying mechanisms and functional significance remain uncertain. Further studies
incorporating longer follow-up periods, molecular analyses, functional outcome mea-
sures, and alternative delivery strategies are required to clarify the potential role of trani-
last in tendon repair.
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