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Tendons are composed primarily of type I collagen
fibers embedded within a tenocyte-maintained
extracellular matrix, a structure that provides high
tensile strength but limited intrinsic regenerative
capacity following injury. The Achilles tendon is
the most frequently injured tendon in humansi?
and is particularly vulnerable to impaired healing
because of its relatively poor vascular supply.t?
Consequently, healing is often characterized by
prolonged remodeling, incomplete restoration of
native tissue architecture, and inferior mechanical
properties compared to uninjured tendon.!

The BPC-157 is a pentadecapeptide that has
demonstrated proangiogenic and tissue-reparative
effects in a variety of preclinical models.’! In
tendon-specific studies, BPC-157 improved
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Objectives: This study aims to evaluate the effects of BPC-157, synthetic
thymosin beta-4 (TB-500), and their combination on Achilles tendon
healing using biomechanical, histopathological, histochemical, and
immunohistochemical analyses in a rat model.

Materials and methods: Thirty-two male Sprague-Dawley rats, each aged
12 weeks and weighing approximately 330 g, underwent standardized Achilles
tendon transection and repair and were randomly assigned to four groups,
with eight rats in each group: control, BPC-157 (10 ug/kg/day), TB-500
(60 pug/kg/day), and combined BPC-157 + TB-500 (BPC + TB). Treatments
were administered intraperitoneally for four weeks postoperatively. At four
weeks, tendons were harvested for biomechanical testing or histological
evaluation. Maximum load to failure was assessed biomechanically.
Histological and histochemical analyses included hematoxylin-eosin, Masson
trichrome, Alcian blue, and Sirius red staining and were evaluated using
Bonar and Movin scoring systems. Expression of collagen types I and III was
assessed immunohistochemically and semiquantified using H-score analysis.

Results: Biomechanical testing revealed higher maximum load to failure
values in the BPC-157 and TB-500 groups compared to controls, reaching
statistical significance in the TB-500 group (p < 0.05). Histopathological
evaluation demonstrated significantly lower total Bonar scores in the TB-500
group (p = 0.016) and significantly lower total Movin scores in the TB-500
and BPC + TB groups (p = 0.017 and p = 0.040, respectively) relative to
controls, indicating improved tendon architecture, collagen alignment, and
reduced degenerative changes. The BPC-157 group showed numerically
lower scores without reaching statistical significance for total scores. Sirius
red birefringence analysis showed increased type I collagen organization
and altered type III collagen distribution in treatment groups, particularly
in the TB-500 group, suggesting progression toward matrix maturation.
Immunohistochemical analysis revealed no significant differences in collagen
type I expression among groups, whereas collagen type III expression differed
significantly, consistent with histochemical findings. Combined BPC-157
and TB-500 treatment did not confer additional benefits compared to either
agent alone.

Conclusion: In this exploratory rat model study, both BPC-157 and
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TB-500 were associated with improved histopathological parameters and
extracellular matrix organization during early Achilles tendon repair, with
TB-500 additionally demonstrating a significant biomechanical advantage
at four weeks. The absence of additive effects with combination therapy
may reflect convergence on shared downstream pathways; however, this
hypothesis requires further experimental confirmation. These preliminary
findings indicate that both peptides warrant further investigation as
candidate adjuncts to tendon repair, pending dose-optimization and longer-
term studies.

Keywords: Achilles tendon, angiogenesis, BPC-157, collagen remodeling, TB-500,
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functional recovery, biomechanical strength, and
histological organization following Achilles tendon
injury.'® Experimental evidence further suggests
that BPC-157 promotes tendon fibroblast migration,
cell survival, and extracellular matrix remodeling,
processes that are critical for effective tendon
repair.>™ Collectively, these findings suggest that
BPC-157 may positively influence tendon healing
processes.

Thymosin beta-4 (TP4) is an endogenous
peptide involved in angiogenesis, inflammatory
regulation, cell migration, and extracellular matrix
remodeling.171 The TB-500 is a synthetic peptide
derived from TP4 and was developed to mimic
its regenerative properties."® Based on these
biological properties, TB-500 has attracted interest
as a potential therapeutic agent for tendon healing,
particularly in tissues with limited vascularity
and regenerative capacity. However, in contrast to
BPC-157, experimental evidence supporting the role
of TB-500 in tendon-specific healing remains scarce,
and controlled studies in Achilles tendon injury
models are largely absent from the literature. This
knowledge gap provided a major rationale for the
present study.

The present study was designed to build upon
previous experimental findings regarding BPC-157
and to provide, to our knowledge, the first direct
comparison of TB-500 and BPC-157 in a rat Achilles
tendon rupture-repair model using standardized
biomechanical, histopathological, histochemical,
and immunohistochemical outcome measures. Since
BPC-157 and TB-500 have been reported to affect
different aspects of tissue repair, a combination
treatment group was included to investigate whether
concurrent administration could provide additive
benefits during tendon healing.*%41%2 Therefore,
we hypothesized that concurrent administration
would provide additive benefits during tendon
healing. The aim of this study was to compare the
effects of BPC-157, TB-500, and their combination on
Achilles tendon healing in rats.

MATERIALS AND METHODS

The study was conducted and reported in
accordance with the ARRIVE (Animal Research:
Reporting of In Vivo Experiments) guidelines.
This experimental study involved 32 young adult
male Sprague-Dawley rats, each aged 12 weeks and
weighing approximately 330 g. Following a 10-day
acclimatization period, all animals were randomly
allocated into four groups, with eight rats in each
group, using a simple randomization procedure:

control group, BPC-157 group , TB-500 group, and
BPC-157 + TB-500 (BPC + TB) group. Within each
group, tendons were allocated to specific analytical
endpoints: four tendons per group were designated
for biomechanical testing and four tendons per
group were designated for histological processing,
including Bonar and Movin histopathological
scoring, Sirius red birefringence analysis, and
immunohistochemical evaluation. Accordingly,
the effective sample size for all nonbiomechanical
analyses reported in this manuscript was
n = 4 per group. Rats received daily intraperitoneal
injections for 30 postoperative days according to
group allocation (Figure 1). The control group
received intraperitoneal vehicle administration,
the BPC-157 group received BPC-157 at a dose of
10 pg/kg/day, the TB-500 group received TB-500 at
a dose of 60 ug/kg/day, and the combination group
received both BPC-157 (10 ug/kg/day) and TB-500
(60 ug/kg/day) via the intraperitoneal route.

Beginning on the first postoperative day,
BPC-157 (223-018-PS; Peptide Sciences, Boca
Raton, FL, USA) and TB-500 (27-155-PS; Peptide
Sciences, Boca Raton, FL, USA) were administered
once daily. The BPC-157 dose of 10 ug/kg/day was
selected based on the established effective dose
used in foundational preclinical tendon studies,
in which this intraperitoneal regimen consistently
produced significant functional, biomechanical, and
histological improvements.!®!! The TB-500 dose of
60 ug/kg/day was selected based on biologically
active dose ranges reported for T4 in preclinical
soft tissue repair models employing systemic
intraperitoneal administration.'*”! It should
be noted that formal dose-optimization studies
for TB-500 in tendon-specific injury models are
currently absent from the published literature; the
selected dose, therefore, represents a biologically
informed initial regimen, and dose-response
characterization remains an important direction for
future investigation.??

On day 30, all animals were sacrificed. No
animal deaths, postoperative infections, wound
complications, tendon reruptures, or protocol-
related exclusions occurred during the study
period. Therefore, all animals completed the study
and were included in the final analyses according
to their assigned groups. Of the eight animals
per group, four tendons were randomly allocated
to biomechanical testing and four to histological,
histochemical, and immunohistochemical
evaluation. Sample size for histological analyses
(n = 4 tendons per group) was determined based
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Study design and experimental timeline

|
|

Random allocation
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+ Kessler repair

Surgery
Day 0
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10 days Days 1-30 (4 weeks)
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Day 30

| |
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Groups (n = 8 per group)

BPC-157
10 pg/kg/day i.p.

TB-500

Control (C)
Distilled water, 2 mL/day 60 pg/kg/day i.p.

BPC-157 + TB-500
Combined, i.p.

Outcome allocation at day 30
(per group: 4 tendons each)

Histological evaluation
H&E, MT, AB, Sirius Red, Bonar, Movin, IHC (H-score)

Biomechanical testing
Maximum load to failure (Fmax)

FIGURE 1. Schematic overview of the experimental design and treatment timeline. Sprague-Dawley rats (n = 32) underwent a
10-day acclimatization period prior to standardized Achilles tendon transection and primary Kessler repair (day 0). Animals were
randomly allocated to four treatment groups (n = 8 per group) and received daily intraperitoneal injections for 30 days. At sacrifice

(day 30), four tendons per group were randomly assigned to biomechanical testing and four to histological, histochemical, and

immunohistochemical evaluation.

AB, Alcian blue; H&E, hematoxylin-eosin; IHC, immunohistochemistry; i.p., intraperitoneal; MT, Masson trichrome.

on the anticipated large effect sizes reported for
histopathological scoring outcomes in comparable
rodent tendon repair models. Post hoc power
analysis confirmed achieved power > 0.80 for
12 of 14 primary histological, histochemical, and
immunohistochemical outcome variables (n? range:
0.41-0.94; Cohen's f range: 0.84-4.11; alpha = 0.05).
Sample size for biomechanical testing (n = 4 tendons
per group) was determined to provide adequate
power for the detection of moderate-to-large
differences in maximum load to failure, consistent
with prior tendon biomechanical studies in this
model.

Histopathological evaluation was performed
by a pathologist blinded to group allocation.
Histopathological scoring was performed within
the tendon repair region on longitudinal sections.
Scores were assigned based on representative
microscopic areas reflecting the predominant
morphological features of each specimen rather
than on a single selected field. Biomechanical
testing was conducted using coded specimens to
ensure assessor blinding. Owing to the nature
of the intervention, blinding was not feasible
during surgical procedures or daily treatment

administration. For immunohistochemical
evaluation, stained sections were assessed within
the tendon repair region using representative
microscopic areas reflecting the predominant
staining pattern of each specimen. Evaluations
were performed under 10x and 20x magnification,
corresponding to the magnifications used for
representative image acquisition. Tendons
designated for biomechanical assessment were
stored at —20°C until testing, while those allocated
to histological analysis were immediately fixed in
10% neutral buffered formalin.

Housing and husbandry

All  animals were maintained in the
experimental animal laboratory  under
standardized environmental circumstances,
including a controlled temperature of 22 + 2°C,
relative humidity of 40-60%, and a 12-h light/dark
cycle.? Standard pellet feed and tap water were
provided ad libitum. Prior to the initiation of the
study, rats underwent a 10-day acclimatization
period. Following acclimatization, the animals
were assigned to the groups and housed in separate
cages, with four rats per cage and appropriate
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identification labels. Body weights were monitored
weekly throughout the four-week experimental
duration.

Surgical procedure

A standardized Achilles tendon rupture and
repair model was established, with all surgical
procedures performed by the same surgeon to
minimize interoperator variability. Each rat
was weighed preoperatively to ensure accurate
dose calculations. All animals received a single
preoperative subcutaneous dose of gentamicin
(8 mg/kg) for antimicrobial prophylaxis and
were anesthetized with an intramuscular
ketamine/xylazine combination (80/10 mg/kg).
The right hind limb was shaved, disinfected with
povidone-iodine (Batticon; Adeka, Istanbul,
Tiirkiye), and draped under sterile conditions.

A 2-cm longitudinal incision was made along
the posterior aspect of the right ankle to expose
the Achilles tendon. A full transverse tenotomy
was created 2 to 4 mm proximal to the calcaneal
insertion using a No. 11 scalpel blade. Tendon repair
was performed using the Kessler technique with
2-0 PDS sutures (DemeDiox; DemeTECH, Miami
Lakes, FL, USA). The skin was subsequently closed
with 2-0 silk sutures (Sterisilk; Yiice Tibbi Geregler
AS., Istanbul, Tiirkiye), and the incision site was
cleansed with povidone-iodine.

Postoperative analgesia was provided with
carprofen (3 mg/kg, Rimadyl; Pfizer, Manhattan,
NY, USA) administered subcutaneously. Each
rat was individually monitored for 24 h before
being returned to its cage. Additional analgesia
was administered every 12 h during the first
postoperative day as needed. No immobilization
or movement restriction was applied during the
recovery period.

Histological, histochemical,
immunohistochemical, and biomechanical
analyses

Excised Achilles tendons, including both
their proximal and distal attachment sites, were
allocated for either histological or biomechanical
evaluation. Samples designated for biomechanical
testing were stored at —20°C until assessment.
Mechanical testing was performed in the
mechanical engineering laboratory using a 500-N
electromechanical tensile testing device at a
displacement rate of 1 mm/sec. Maximum load to
failure (Fmax) and elongation values were digitally
recorded.

For histological analysis, tendon specimens were
fixed in 10% neutral buffered formalin, routinely
processed, embedded in paraffin, and sectioned
longitudinally at a thickness of 4 ym along the
long axis of the tendon to allow assessment of
fiber architecture, tenocyte morphology, and
collagen organization across the full length of
the repair site. Hematoxylin-eosin (H&E) staining
was performed for general morphological
evaluation. For histochemical assessment, serial
sections mounted on positively charged slides were
stained with Masson trichrome (MT) and Alcian
blue (AB) using an automated histostainer, and
evaluations were performed based on the Bonar
and Movin scoring criteria.?*?! Additional sections
were stained with Sirius red as a histochemical
method to evaluate collagen fiber organization
and birefringence patterns under bright-field and
polarized light microscopy. Separate sections
were subjected to immunohistochemical staining
for collagen type I using a mouse monoclonal
anti-collagen type I antibody (COL1 [ABIN957814],
1:50; Antibodies-Online, Limerick, PA, USA) and
for collagen type III using a rabbit polyclonal
anti-collagen type III antibody (ab7778, 1:300;
Abcam, Cambridge, UK).

All slides were examined under an Olympus
CX51 microscope (Olympus Corp., Tokyo,
Japan) by a single pathologist blinded to group
assignments. Bonar scoring evaluated four
parameters: tenocyte morphology/proliferation,
ground substance (glycosaminoglycan [GAG])
content, collagen fiber alignment, and vascularity.
Each parameter was rated on a scale from 0
(normal) to 3 (severely abnormal), producing a
total score ranging from 0 to 12. Movin scoring
included eight parameters: fiber structure, fiber
arrangement, nuclear morphology, regional
cellularity, increased vascularity, reduced collagen
staining (MT), hyalinization, and GAG content
(AB). Each item was scored 0-3, with a maximum
total score of 24.

Immunohistochemical staining intensities
for collagen type I and collagen type III were
semiquantitatively assessed using the H-score
method, which combines staining intensity and
the percentage of positively stained tissue area
to provide an integrated assessment of protein
expression. The H-score was calculated as staining
intensity x percentage of positive area (range 0-300),
consistent with previously published tendon-
healing studies.”) Additionally, the polarization
ratio, calculated as type I collagen/(type I collagen
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+ type III collagen), was used as an indicator of
relative tendon maturation.

Statistical analysis

Statistical analyses were conducted using
GraphPad Prism version 8.1.1 (GraphPad Software,
San Diego, CA, USA). Given that histological
subgroups comprised four animals per group,
formal normality testing (Kolmogorov-Smirnov)
was considered to have insufficient statistical
power to reliably detect departures from
normality; accordingly, nonparametric methods
were applied to all histological, histochemical,
and immunohistochemical variables. The
biomechanical data, histopathological scores (Bonar
and Movin systems), histochemical data, and
immunohistochemical variables (n = 4 per group)
were reported as median (interquartile range,)
and analyzed using the Kruskal-Wallis test. When
a statistically significant overall difference was
detected, pairwise comparisons were performed
using Dunn's post hoc test with Bonferroni correction

NS

60
NS

40 -

20 1

Maximum load to failure (N)

C BPC TB  BCP+TB

Groups

FIGURE 2. Maximum load to failure (Fmax) values in the
control (C), BPC-157 (BPC), TB-500 (TB), and combined
BPC + TB groups (n = 4 tendons per group; biomechanical
testing cohort). Data are presented as median (IQR).
Median [IQR] Fmax values were 26.91 [26.12-30.44] N for
the C group, 37.16 [33.01-46.45] N for the BPC group, 37.41

[37.10-47.82] N for the TB group, and 34.54 [33.02-36.24]
N for the BPC + TB group. Groups were compared using
the Kruskal-Wallis test followed by Dunn's post hoc test for
multiple comparisons.

IQR, interquartile range; * p < 0.05 versus the Control group (adjusted
p < 0.05).
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for multiple comparisons. Statistical significance
was defined as p < 0.05.

Ethical approval

All animal procedures were carried out in
accordance with the National Guidelines for the
Care and Use of Laboratory Animals and were
fully compliant with EU Directive 2010/63/EU
on the protection of animals used for scientific
purposes. The study protocol was approved by the
Istanbul Bagcilar Training and Research Hospital
Animal Experiments Local Ethics Committee
(Date: 15.06.2023, No: HADYEK/2023-12). All efforts
were undertaken to minimize animal discomfort and
to use the minimum number of animals necessary to
achieve scientific validity.

RESULTS

Biomechanical analysis

Biomechanical testing revealed a significant overall
difference in maximum load to failure (Fmax)
among the groups (Kruskal-Wallis H = 7.712,
p = 0.0165). Dunn's post hoc test showed that the
only significant pairwise difference was between
the TB-500 group and controls (adjusted p = 0.0406).
The BPC-157 group did not differ significantly
from controls (adjusted p = 0.389), and no other
comparison reached significance (all adjusted
p > 0.999). The combined BPC + TB group did not
differ from any group (Figure 2).

Histological and histochemical evaluations

Histological analyses demonstrated differences
in tendon architecture and extracellular matrix
organization among the study groups (Figure 3).
Control tendons exhibited disrupted architecture,
increased cellularity, irregular tenocyte morphology,
disorganized collagen bundles, and prominent GAG
accumulation. In contrast, the treatment groups
generally demonstrated more organized tissue
architecture, reduced pathological cellularity,
more uniform spindle-shaped tenocytes, improved
collagen alignment, and reduced ground substance.
These qualitative findings were particularly evident
in the TB-500 group. The combined BPC + TB
group demonstrated similar histological features
without an obvious qualitative advantage over the
individual treatment groups.

Significant intergroup differences were observed
in tenocyte morphology/proliferation (p = 0.004),
ground substance/GAG content (p = 0.009), collagen
alignment (p =0.028), and total Bonar score (p = 0.005;
Table I). For total Bonar score, post hoc analysis
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BCP-157
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FIGURE 3. Representative histological and histochemical images of Achilles tendon healing

(n = 4 tendons per group). Representative micrographs from the control, BPC-157, TB-500, and
combined BPC + TB groups stained with H&E, MT, and AB. Square-marked areas in H&E images
indicate representative regions of cellularity used for semiquantitative scoring and collagen bundle
organization and alignment patterns. Asterisks (*) indicate vascular structures evaluated under the
vascularity scoring criterion. Scale bars are indicated individually for each panel. For H&E, all groups
are shown at 50 ym (x20 magnification). For MT panels, control and BPC + TB groups are shown at
50 pm (x20), while BPC-157 and TB-500 groups are shown at 100 um (x10). For AB panels, control and
BPC + TB groups are shown at 50 ym (x20), while BPC-157 and TB-500 groups are shown at 100 pm
(x10). Histopathological scores were analyzed using the Kruskal-Wallis test followed by Dunn's post

hoc test for multiple comparisons.

BPC, BPC-157; TB, TB-500; BPC + TB, combination; MT, Masson trichrome; AB, Alcian blue.

revealed a significant difference only between the
control and TB-500 groups (p = 0.016); the BPC-157
(p = 0.273) and BPC + TB (p = 0.103) groups did not
differ significantly from controls. The TB-500 and
BPC + TB groups demonstrated significantly lower
scores than controls for tenocyte morphology and
ground substance. Collagen alignment differed
significantly only between the control and TB-500
groups (p = 0.049). No significant differences
were observed for vascularity (p = 0.108), and no

significant differences were detected among the
treatment groups for total Bonar score.

Alcian blue staining, evaluated according to
the Movin scoring system (Figure 3), similarly
demonstrated significant intergroup differences
in fiber structure (p = 0.002), fiber arrangement
(p =0.007), nuclear morphology (p = 0.006), regional
cellularity (p = 0.004), decreased collagen staining
(p = 0.002), hyalinization (p = 0.040), GAG content
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(p=0.029), and total Movin score (p = 0.002; Table II).
For total Movin score, post hoc analysis revealed
significant differences between controls and the
TB-500 group (p = 0.017) and between controls
and the BPC + TB group (p = 0.040); the BPC-157
group did not differ significantly from controls
(p = 0.601). No statistically significant differences
were observed among treatment groups.

Collagen characterization: Sirius red
birefringence

Sirius red Dbirefringence demonstrated
differences in collagen fiber organization among

the study groups (Figure 4). Control tendons
exhibited a more heterogeneous birefringence
pattern, whereas treatment groups generally
demonstrated more uniform collagen fiber
organization. Significant differences were observed
in type I collagen intensity (p < 0.001), type III
collagen intensity (p < 0.001), and polarization
ratio (p = 0.030; Table III). Type I collagen intensity
was higher in the BPC-157 (p = 0.009) and TB-500
(p = 0.041) groups compared to controls. Type III
collagen intensity differed between the BPC-157
and TB-500 groups (p = 0.028). No consistent
superiority was observed for combined treatment.

Col | Col 1ll

Control

BCP-157

m
[

+
o
o
o

FIGURE 4. Sirius red birefringence and immunohi

Y

stochemical evaluation of collagen composition

during Achilles tendon healing (n = 4 tendons per group). Representative micrographs from
the control, BPC-157, TB-500, and BPC + TB groups under bright-field Sirius red (SR) and
immunohistochemical staining for collagen type | (COL [) and collagen type Il (COL lll). Scale bars
are indicated individually for each panel. For all stains, the control and BPC + TB groups are shown
at 50 pm (x20 magnification), whereas the BPC-157 and TB-500 groups are shown at 100 ym (x10).
Sirius red birefringence and immunohistochemical data were analyzed using the Kruskal-Wallis test
followed by Dunn's post hoc test for multiple comparisons.

BPC, BPC-157; TB, TB-500; BPC + TB, combination.




Jt Dis Relat Surg

832

‘suosiiedwod

asimired jueoyubis Ajieonsness syeaipul 10°0 > d ., ‘50°0 > d , ‘dnoub Jad $ = u ‘00y-}sod s,uung YHM 18} SI[ep-IBYSNIY ‘ebBuel sjiienbiaiul ‘HO| ‘UOIBUIqWOD ‘Gl + Odg ‘00S-91 ‘Gl ‘/S1-0dg ‘Odg ‘[04u0d ‘)

860°0 :dL + Odg A 91
860°0 ‘gL + Odg 'S4 Odg
666'0 < :@L 'SA Odg
666°0 <:gL + Odg SA O
666'0 <Gl 'SA D
666°0 < :0dd 'SA D 0£0°0
.820°0 :gL + Odg 'SA g1
666'0 < gL + 0dg 'SA Odg
.820°0 :g1 'SA Odg
G/0°0:@L + Odg 'SA O
6660 <@L 'SA D
§/0°0:0d€ A O 1000 >
666'0 <:gL +Odd 'SA g1
916°'0 :gL + Odg 'SA Odg
666'0 < ‘gL 'SA Odg
€8Y°0 :9L + Odg 'S4 O
0709151 D
+600°0:0dg '$A D 1000 >

¢€'0-L2¢’0 6¢'0 89°0-050 0S50 G/°0-9€°0 €0 €€°0-6€'0  €€°0

G/'¢-0¢ 0¢c 0'1-0'} 0L 0¢c-0¢ 0¢c

0'1-0°} (O

0¢c-0¢ 0¢ 0°€-0¢ S¢ 0'€-9¢'¢ 0€ 0°'-0°} (08

(I edAy + | odAy)
/ | 8dA} = onjes uonezie|od

(e-0) Aususiul ||| 8dA} uespy

(e-0) Aususyul | 8dAy uespy

sanjeA d o0y-1sod (jresano) d

HOl  UBlpBN WDl  UBIPSN WDl UBIPSN  HDI  UBIPS

a1l + 0dg al Od4g o)
sisAjeue aouabulyellq pay snuUIS

i angavi

so|geleA




Effects of BPC-157 and TB-500 on Achilles tendon healing in rats 833

@
o
(o]
(&)

@

z
c

S
(/)]
()]
=

z g
w o
o
Q3
E E
(]
N
()
[e]
2
@
e
(o]
c
>
£
£

B BPC + TB

BPC

Post-hoc p values
C vs. BPC: > 0.999

p (overall)

IQR
38.5-48.75

Median

QR

IQR Median IQR Median
20.0-50.0 15.0-75.0

15.0-20.0

Median

Variables

0.242

42.5

60.0

25.0

20.0

Collagen type | (H-Score, 0-300)

C vs. TB: 0.434
C vs. BPC + TB: 0.386

BPC vs. TB: > 0.999
BPC vs. BPC + TB: > 0.999

TB vs. BPC + TB: 0.208

C vs. BPC: > 0.999

6.25-10.0 725 40.0-116.25 375 33.5-41.5 < 0.001

10.0

10.0-15.0

12.5

Collagen type Il (H-Score, 0-300)

C vs. TB: 0.093
C vs. BPC + TB: 0.576

BPC vs. TB: 0.009*
BPC vs. BPC + TB: 0.093

TB vs. BPC + TB: > 0.999

C, control; BPC, BPC-157; TB, TB-500; BPC + TB, combination; IQR, interquartile range; H-Score, histochemical score (Intensity x % Area, range 0-300). Kruskal-Wallis test with Dunn’s post-hoc; n = 4 per group unless

noted; * p < 0.01 indicate statistically significant pairwise comparisons.

Immunohistochemical analysis

Immunohistochemical analysis demonstrated
differences in collagen staining patterns among
the study groups (Figure 4). Collagen type III
distribution appeared to vary among groups,
particularly in the TB-500 group, consistent with
the H-score analysis. The combined treatment
group exhibited a staining pattern comparable to
that observed in the BPC-157 group.

No significant difference was detected in
collagen type I expression (p = 0.242; Table IV).
In contrast, collagen type III expression differed
significantly among groups (p < 0.0001), with a
significant difference observed between the BPC-157
and TB-500 groups (p < 0.001). No other pairwise
comparisons reached statistical significance.

DISCUSSION
Tendon healing involves sequential
inflammatory, proliferative, and remodeling

phases characterized by progressive collagen
organization and mechanical strengthening.!®
The Achilles tendon’s relative hypovascularity
predisposes it to delayed repair and inferior
matrix maturation.??®! Therapies that enhance
angiogenesis, = matrix organization, and
inflammatory regulation may therefore improve
healing outcomes. In the present study, TB-500
was associated with significantly lower
histopathological scores and higher maximum
load to failure values compared to untreated
controls, whereas BPC-157 improved selected
histopathological parameters without significant
reductions in total composite scores. These
findings extend previous preclinical observations
regarding BPC-157 and provide the first controlled
comparison of TB-500 and BPC-157 in a surgically
repaired Achilles tendon model using standardized
biomechanical and histopathological outcome
measures.

Previous studies using BPC-157 in rat Achilles
tendon models have reported improvements in
functional, biomechanical, and histological
outcomes.” Staresinic et al.'” demonstrated
increased load to failure, Young’s modulus, and
Achilles Functional Index values following BPC-
157 treatment in an unrepaired tendon transection
model, whereas Krivic et al.'! reported improved
tendon-to-bone healing and collagen organization in
an Achilles tendon detachment model. In contrast, all
tendons in the present study underwent immediate
primary repair using the Kessler technique, and
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outcome assessment was performed only at four
weeks postoperatively. These methodological
differences may explain why BPC-157 was associated
with improvements in selected histopathological
parameters but did not significantly increase
maximum load to failure. Accordingly, direct
comparison of biomechanical outcomes across
different experimental tendon-healing models
should be interpreted with caution.

The BPC-157 possesses documented
proangiogenic and cytoprotective properties
mediated  through  vascular  endothelial

growth factor receptor 2 and Akt (protein
kinase B)/eNOS (endothelial nitric oxide synthase)
signaling pathways.®1322%%0 In the present study,
BPC-157 improved selected histopathological
parameters, including fiber arrangement and
collagen staining, but did not significantly reduce
total Bonar or Movin scores relative to controls.
These findings are partially consistent with previous
experimental studies demonstrating beneficial
effects of BPC-157 on tendon healing.'*' However,
unlike earlier models that used unrepaired tendon
injuries and shorter follow-up periods, all tendons
in the present study underwent primary repair and
were evaluated at four weeks postoperatively. These
methodological differences may explain the absence
of a significant increase in maximum load to failure
despite improvements in selected histological
parameters.

The TB-500 was associated with improvements
in both histopathological findings and maximum
load to failure at four weeks. Treated tendons
demonstrated better collagen alignment and
lower GAG content than controls, findings that
may be consistent with more advanced tissue
organization.? In addition, the TB-500 group
exhibited significantly higher maximum load to
failure values than controls. Given the limited
tendon-specific literature available for TB-500,
these findings provide preliminary evidence
supporting further investigation of this peptide
in tendon-healing models. However, because
biomechanical evaluation was limited to maximum
load to failure, broader conclusions regarding
overall mechanical performance should be
interpreted with caution.

Collagen composition is central to tendon
healing and mechanical function. Healing is
characterized by early collagen type III deposition
followed by gradual transition toward a collagen
type I-dominant extracellular matrix.F"%% In the
present study, treatment groups demonstrated

Jt Dis Relat Surg

enhanced collagen type I birefringence and altered
collagen type III distribution, findings that may
reflect ongoing matrix remodeling.*3%! Similar
observations have been reported in previous
BPC-157 musculoskeletal models. Cerovecki et al.l'?
demonstrated accelerated replacement of collagen
type III with type I fibers following medial collateral
ligament transection, while Krivic et al.l'! reported
altered collagen organization in BPC-157-treated
Achilles tendon detachment specimens. In the
present study, Sirius red birefringence analysis
demonstrated differences in collagen organization
among the treatment groups, particularly in the
TB-500 group. However, no significant difference
in collagen type I H-score was detected, suggesting
that birefringence findings may primarily reflect
collagen fiber alignment and organization rather
than increased collagen synthesis. Accordingly,
these findings should be interpreted as evidence of
matrix remodeling rather than definitive proof of
enhanced tendon maturation.

The significantly elevated collagen type III
H-score observed in the TB-500 group warrants
careful interpretation and should not be assumed
to reflect unequivocally favorable repair. Increased
collagen type III deposition is a recognized feature
of the proliferative phase of tendon healing and
typically precedes the gradual restoration of a
collagen type I-dominant extracellular matrix.[31:3234]
Therefore, the increased collagen type III expression
observed at four weeks should be interpreted
within the temporal context of tendon repair and
may reflect active matrix remodeling rather than
pathological fibrosis. In the present study, elevated
collagen type III expression in the TB-500 group was
accompanied by improved Bonar and Movin scores,
reduced GAG accumulation, enhanced collagen type
I birefringence, and higher maximum load to failure
values compared to controls. Taken together, these
findings suggest that the increased collagen type III
expression may reflect an active remodeling process
rather than aberrant scar formation. Nevertheless,
assessment at later time points and molecular
analyses of collagen turnover pathways are required
to determine whether TB-500 ultimately promotes
regenerative matrix maturation or scar-mediated
repair.

The absence of additive effects with combined
BPC-157 and TB-500 administration represents
an important finding of the present study.
Although the two peptides have been proposed
to influence tendon healing through distinct
biological pathways,141?! combined treatment
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did not demonstrate superior biomechanical
or histopathological outcomes compared to
monotherapy. Several hypothetical explanations
may account for this observation, including
overlapping downstream effects, ceiling effects
during the early remodeling phase, or suboptimal
combination dosing strategies. However, because
no molecular or pharmacokinetic analyses were
performed, the mechanisms underlying the lack of
additive benefit remain speculative. Further studies
incorporating multiple time points, molecular
analyses, and pharmacokinetic investigations will be
required to experimentally verify these hypotheses
and to clarify whether alternative dosing regimens
or treatment schedules influence the interaction
between these peptides.

Several limitations of the present study warrant
consideration. First, outcome assessment was
performed at a single time point (four weeks
after repair), which captured only the early
proliferative-to-remodeling transition and did
not allow characterization of later-stage tendon
maturation. Second, the use of healthy young
male rats may limit generalizability to clinical
populations with comorbidities known to impair
tendon healing. Third, no functional assessment
was performed, limiting direct comparison with
previous tendon-healing studies and reducing
translational interpretation. Fourth, no molecular
analyses were conducted; therefore, mechanistic
explanations regarding the biological actions of
BPC-157 and TB-500 remain speculative. Fifth,
the TB-500 dose was selected from the broader
TP4 literature rather than from tendon-specific
dose-optimization studies. Sixth, histological
analyses were performed on a subset of animals
(n = 4 per group), and a prospective a priori
power calculation was not performed. In addition,
interobserver reliability was not assessed,
and blinding was not feasible during surgical
procedures or daily treatment administration.
Finally, tendon cross-sectional area was not
measured, precluding calculation of stress-based
biomechanical parameters such as ultimate tensile
stress and Young’s modulus. Biomechanical
evaluation was further limited to maximum load
to failure and did not include complementary
parameters such as stiffness, energy to failure,
or failure mode analysis. Therefore, the present
findings should be interpreted as preliminary and
require confirmationinlarger studiesincorporating
longitudinal, functional, molecular, and more
comprehensive biomechanical assessments.

Overall, the present findings suggest that
peptide-based modulation of tendon repair
warrants further investigation. At four weeks,
TB-500 was associated with higher maximum load
to failure values, whereas BPC-157 demonstrated
improvements in selected histopathological
parameters. Achilles tendon rupture remains a
common and functionally significant injury, and
current treatment strategies do not consistently
restore native tendon properties during the early
phases of healing. In this context, the observation
that TB-500 was associated with increased
maximum load to failure may justify further
preclinical evaluation in tendon-healing models.
However, no clinical data currently exist for either
agent in tendon-specific applications, and direct
extrapolation from healthy young rat models to
human populations should be approached with
caution. Additional preclinical studies incorporating
multiple time points, functional outcomes, and
comprehensive biomechanical assessments are
required before clinical investigation can be
considered.

In conclusion, this exploratory study provides
preliminary evidence that both BPC-157 and TB-500
may improve histopathological organization and
extracellular matrix remodeling during early
Achilles tendon repair in a rat rupture-repair model.
Additionally, TB-500 demonstrated significantly
higher maximum load to failure values at four
weeks. These findings are consistent with the
broader preclinical literature on peptide-mediated
connective tissue repair and suggest that both agents
merit further systematic evaluation. However, given
the single time point assessment, the use of a healthy
young rat model, and the absence of formal dose-
response characterization, particularly for TB-500,
these results should be regarded as hypothesis-
generating rather than confirmatory. Large
preclinical studies incorporating multiple sacrifice
time points, functional outcome measures, molecular
pathway analyses, dose-response designs, and
clinically relevant animal models of compromised
healing are needed before the translational potential
of these agents can be meaningfully assessed in
clinical investigations.
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