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Background: Chronic tendon injuries often lead to diminished healing capacity, necessitating innovative treatments. Mesenchymal
stem cells (MSCs) secretome has emerged as a promising option for enhancing tendon repair through paracrine signaling. This study
evaluates the effectiveness of MSC secretome, derived from tendon-derived stem cells (TDSCs) and adipose-derived stem cells
(ASCs) in healing chronic Achilles tendon injuries in a rat model. The focus is on Procollagen Type I N-Terminal Peptide (PINP) and
Procollagen Type III N-Terminal Peptide (PIIINP) levels, and histopathological changes.

Methods: Fourteen adult male rats were divided into four groups: Group I (TDSC secretome), Group II (ASC secretome), Group I1I
(combination of TDSC and ASC secretome), and Group IV (control). The healing response was assessed through PINP and PIIINP
immunoserological markers, and histopathological changes were analyzed. The study adhered to ARRIVE and ICLAS guidelines and
followed the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals.

Results: The combination group showed significantly higher PINP levels compared to the control group (p = 0.004), suggesting
enhanced Type I collagen synthesis. However, no significant differences in PIIINP levels were observed among the groups.
Histopathological analysis showed no significant differences in collagen alignment or angiogenesis between treatment and control
groups.

Conclusion: The MSC secretome, particularly the combination of TDSCs and ASCs, may accelerate collagen Type I synthesis and
improve tendon microstructure. This suggests their potential for treating chronic tendon injuries. However, further research with longer
observation periods and clinical trials is crucial to confirm these findings and advance our understanding of tendon healing.
Keywords: mesenchymal stem cell secretome, chronic tendon injury, tendon healing, procollagen markers, rat model

Introduction

Tendons, composed of parallel collagen fibers within an extracellular matrix, are vital for musculoskeletal stability and
movement but have limited regenerative capacity, making them prone to injury from repetitive motion and aging.* The
Achilles tendon, the body’s largest and strongest, withstands high tensile forces, connecting the gastrocnemius and soleus
muscles to the calcaneus.® Tendon and ligament injuries are among the most common musculoskeletal issues in sports,
with Achilles tendon ruptures frequently affecting adults in their 30s to 50s.*> Though not life-threatening, these injuries

often lead to prolonged pain, functional impairment, and significant healthcare costs, highlighting the need for better

. . 6,7
treatments to enhance healing and restore function.
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The healing of tendons is often poor, typically resulting in scar tissue structurally and functionally inferior to normal
tendon tissue.® Chronic tendon injuries are complicated to treat, requiring extensive intervention to restore pain-free
function. Unlike acute injuries that trigger inflammation, chronic tendon injuries are characterized by collagen degenera-
tion, a process where the collagen fibers in the tendon break down due to prolonged wear and tear and limited blood
supply. This highlights the need for improved treatment strategies, especially for chronic cases.’

Stem cell-based therapies have emerged as promising approaches for tendon regeneration, primarily through para-
crine signaling. Mesenchymal stem cells (MSCs) secrete bioactive molecules, collectively known as the secretome,
which modulate inflammation, promote cell proliferation, and enhance extracellular matrix remodeling.'®'" The MSC
secretome contains key factors such as transforming growth factor-beta (TGF-), insulin-like growth factor-1 (IGF-1),
vascular endothelial growth factor (VEGF), and extracellular vesicles carrying microRNAs (miRNAs), all of which
contribute to tissue repair and angiogenesis.'* '

Compared to direct MSC transplantation, secretome-based therapy offers several advantages, including reduced
immune rejection, lower tumorigenicity risk, and greater consistency in therapeutic effects. Secretome products can be
standardized and stored for clinical applications, making them a more practical alternative to live-cell therapy. However,
variations in secretome composition exist depending on the cell source and culture conditions.'®'>!'® Tendon-derived
stem cells (TDSC) secrete tenogenic factors such as scleraxis and tenomodulin, whereas adipose-derived stem cells
(ASC) provide a broader spectrum of growth factors related to angiogenesis and anti-inflammatory activity. Combining
TDSC and ASC secretomes may enhance collagen synthesis and tendon remodeling, offering a synergistic effect.!”'®

Collagen synthesis, especially of Type I and III procollagen, is critical to tendon repair, with markers like procollagen
type I N-terminal propeptide (PINP) and procollagen type III N-terminal propeptide (PIIINP) indicating active collagen
production. While the stem cell secretome may significantly aid this process, particularly in chronic injuries, its specific
impact on collagen metabolism and long-term tendon repair still needs to be explored.'®*°

This study aims to evaluate the effects of MSC secretome from tedon- and adipose-derived stem cells on chronic Achilles
tendon injuries in a rat model. By analyzing changes in PINP, PIIINP, and histological structure, this research seeks to clarify the
regenerative potential of stem cell secretome in tendon repair and provide foundational insights for future clinical applications.

Materials and Methods
Study Design and Setting

This study was conducted in an experimental laboratory to evaluate the effects of MSCs-derived secretomes on tendon
healing in a rat model of chronic tendinopathy. The reporting of this animal study is based on The Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines.”' The research was carried out at the Stem Cell Research and
Development Center, Universitas Airlangga, and the Laboratory of Rumah Sakit Pendidikan Tinggi Negeri, Universitas
Hasanuddin, between July and December 2023. The study protocol has been approved by the Health Research Ethics
Committee of the Faculty of Medicine, Universitas Hasanuddin (No.811/UN4.6.4.5.31/PP36/2023). All procedures
involving animals were performed in accordance with the National Institutes of Health (NIH) Guide for the Care and
Use of Laboratory Animals and the guideline of the International Council for Laboratory Animal Science (ICLAS) for
the welfare of laboratory animals.

Preparation of Animal Samples and Procedure

A total of 14 adult male Rattus norvegicus rats (8§—12 weeks, 150-250 grams) were used in this study. The rats were
housed under standard conditions. The Animal Ethics Committee of Universitas Airlangga approved all animal
procedures. They were randomly divided into four groups (n=3-4 per group):

Group I: Injection of MSC secretome from tendon tissues (TDSC)

Group II: Injection of MSC secretome from Adipose Tissues (ASC)
Group III: Injection of Mixed TDSC & ASC
Group 1V: Control
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In two phases, chronic tendinopathy was induced in all rats using mechanical and enzymatic methods. In Phase 1, rats
were anesthetized, and an aseptic longitudinal incision was made over the Achilles tendon, followed by a full-width
transverse laceration. The injury was left unrepaired for four weeks to simulate chronic damage, with the wound closed
and monitored.

In Phase 2, four weeks post-injury, the rats were re-anesthetized, and an aseptic procedure was conducted. Using a single
local injection technique, Group I received intratendinous injection of 3.75 x 10°> TDSC-secretome-treated cells in 100 pL
phosphate-buffered saline (PBS), Group II received the same dose of 3.75 x 10°> ASC-secretome-treated cells in 100 uL. PBS,
and Group III received a combination of TDSC and ASC secretome in a 1:1 ratio, with each type contributing 1.875 x 10°
cells, making a total of 3.75 x 10° cells in 100 pL PBS.** Group IV received an injection of 100 uL PBS without any
secretome treatment. All the cell therapies were allogeneic. Two weeks after the injections (week 6), the rats were sacrificed
using an intraperitoneal injection of sodium pentobarbital.>> The blood samples were collected via cardiac puncture under
anesthesia before euthanasia for PINP and PIIINP measurements. Serum PINP and PIIINP levels were measured using
enzyme-linked immunosorbent assay (ELISA) kits. The histopathological assessment conducted via tendon biopsy.

Secretome Isolation and Preparation

TDSC were isolated from the Achilles tendons of donor rats. The cells were cultured up to passage 5 (P5) and induced to
differentiate into a tenogenic lineage using connective tissue growth factor (CTGF) and ascorbic acid. TDSC were
cultured in low-glucose Dulbecco’s modified Eagle medium (DMEM) supplemented with fetal bovine serum, penicillin,
streptomycin, and neomycin. After five passages, TDSC were treated with CTGF (25 ng/mL) and ascorbic acid (25 pmol/
L) to promote tenogenic differentiation. ASC were isolated from the adipose tissue of donor rats, and cells from the third
passage (P3) were used for the experiments. ASC were cultured in a-minimum essential medium supplemented with fetal
bovine serum, penicillin, streptomycin, and L-glutamine. The culture medium was replaced every three days, and the
cells were harvested at the third passage for use in the experiments.

Secretomes were collected from MSC cultures after 48 hours of serum-free conditioning, filtered through a 0.22 pm
membrane, and stored at —80°C until use. Processing controls included sterility testing and confirmation of exosome
content using nanoparticle tracking analysis. Secretomes were applied directly into the tendon injury sites using a 30-
gauge needle under sterile conditions.

Histopathological Analysis

The harvested tendons were fixed in 10% formalin, embedded in paraffin, and sectioned for histopathological evaluation.
Hematoxylin and eosin (H&E) staining was performed to examine microscopic tissue changes at 2 and 4 weeks post-
surgery to evaluate morphological alterations. The sections were examined under a light microscope, and histopatholo-
gical scoring was based on the Grande Histological Biomechanical Correlation Score (GHBCS), which evaluates three
components: collagen grade, degree of angiogenesis, and cartilage induction. The total score ranges from 0 to 8, with
lower scores indicating optimal ultimate tensile strength.

Statistical Analysis

Data were analyzed using SPSS (version 25.0). The differences between groups were analyzed using one-way ANOVA
followed by post hoc Tukey’s test for pairwise comparisons to see if the data is normally distributed and the Kruskal—
Wallis test to see if the data is not normally distributed, with p <0.05 as significant.

Results

Procollagen | and Ill Levels in Tendon Samples

The levels of PINP and PIIINP were measured in rat tendon samples (Rattus Norvegicus) injected with MSC secretomes
derived from various sources. Four groups were included: TDSCs, ASCs, a combination of TDSCs and ASCs, and
a control group. The measured levels of PINP and PIIINP in the different groups are summarized in Table 1. The mean,
standard deviation, median, minimum, and maximum values for PINP and PIIINP levels across the four groups are
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Table | Characteristics of PINP and PIIINP Levels in Rat
Tendon Samples

No | Group PINP (ng/imL) | PHINP (ng/mL)
| TDSCs 4 3
2 TDSCs 4 2
3 TDSCs 4 3
4 TDSCs 4 3
5 ASCs 4 3
6 ASCs 3 3
7 ASCs 4 3
8 ASCs 5 3
9 TDSCs + ASCs | 5 2
10 | TDSCs + ASCs | 5 3
I TDSCs + ASCs | 4 3
12| Control 3 3
13 | Control 2 2
14 | Control 3 2

presented in Table 2. A Shapiro—Wilk test was performed to assess the normality of PINP and PIIINP data. The results
indicate that the data for both PINP and PIIINP are not normally distributed (p < 0.05). Therefore, non-parametric tests
were used for further analysis.

Comparative Analysis of PINP and PIIINP Levels

The non-parametric Kruskal-Wallis test compared the four groups’ PINP and PIIINP levels. The results showed
a significant difference in PINP levels (p = 0.039), while no significant difference was found among PIIINP groups (p
= 0.318). Post-hoc analysis using the Mann—Whitney U-test compared PINP levels between the experimental and control
groups. The results indicate that combining TDSCs and ASCs significantly increased PINP levels compared to the
control group (p= 0.004), indicating enhanced Type I collagen synthesis. The differences between the other groups and
the control group were not statistically significant (p > 0.05) (Table 3).

Histopathological Findings and Analysis

Histopathological evaluation of the tendon samples was conducted to assess collagen formation, angiogenesis, and
cartilage formation. The scoring of histopathological findings is presented in Table 4, and the histopathological
appearance of the samples is shown in Figure 1. The results of the Kruskal-Wallis test for the variable Total

Table 2 Descriptive Statistics of PINP and PIINP

Levels
Group Mean = SD | Median | Min | Max
TDSCs 4.00 + 0.00 | 4.00 4.00 | 4.00
ASCs 4.00 + 0.82 | 4.00 3.00 | 5.00
TDSCs + ASCs | 4.67 + 0.58 | 5.00 4.00 | 5.00
Control 2.67 £ 0.58 | 3.00 2.00 | 3.00
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Table 3 Post-Hoc Analysis for PINP
Levels Compared to Control

Group Comparison p-value
ASCs vs Control 0.056
TDSCs vs Control 0.056
TDSCs + ASCs vs Control | 0.004

Table 4 Scoring and Histopathological Descriptions in Rat Tendon Samples

No | Sample Name | Collagen | Angiogenesis | Cartilage Formation | Total Score | Remarks

| ASC | | | 0 2 Hypercellular collagen
2 ASC 2 | | 0 2 Slight cut

3 ASC 3 | | 0 2

4 ASC 4 | | | 3 Hypercellular collagen
5 ASC+TDSC | | 2 | 0 3 Hypercellular collagen
6 ASC+TDSC2 | 2 | 0 3 Hypercellular collagen
7 ASC + TDSC 3 | | | 0 2 Slight cut

8 Control | | | 0 2

9 Control 2 2 | 0 3 Hypercellular collagen
10 | Control 3 2 | 0 3 Hypercellular collagen
I TDSC | 0 0 0 0 Hypocellular

12 | TDSC 2 | 0 0 | Hypocellular

13 | TDSC 3 | | 0 2 Hypocellular

14 | TDSC 4 | | 0 2 Hypocellular

Histopathological Scores show a p-value of 0.092, showing no significant difference in total histopathological scores

among the four groups, indicating no differences in collagen fiber organization or angiogenesis.

Discussion
Our study results indicate that the group injected with the secretome of MSC, combining TDSCs and ASCs, showed
a significant increase in PINP levels compared to the control group. However, the tested groups observed no significant
differences between PIIINP levels. The findings align with previous research on MSC-derived therapies for tendon
healing, reinforcing the role of secretome-based treatments in regenerative medicine. The observed increase in PINP
levels in the TDSC + ASC secretome group suggests enhanced collagen synthesis, supporting the notion that combining
tenogenic and angiogenic factors from different MSC sources may provide a more comprehensive regenerative
response.zé‘*26

Procollagen types I and III are crucial building blocks in all connective tissues. These two markers associated with
collagen metabolism, specifically PINP and PIIINP, have been widely used in bone tissue as early predictors of the
success of an intervention. PINP and PIIINP markers have recently been used to assess collagen metabolism in human

Achilles tendons.'®?’
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Figure | Histopathological appearance of the samples with H&E staining at 20x magnification. (A) TDSC, hypocellular appearance with mild changes of less than 25%
irregular collagen fibers and moderate tissue infiltration with arterioles. (B) ASC, hypercellular collagen with mild changes of less than 25% irregular collagen fibers, presence
of capillaries, and isolated hyaline cartilage nodules. (C) ASC + TDSC, hypercellular collagen appearance with moderate changes with less than 50% irregular collagen fibers,
and presence of capillaries. (D) Control, hypercellular collagen appearance with moderate changes with irregular collagen fibers between 25-50% and presence of capillaries.

The elevated PINP levels in the TDSCs and ASCs combination group suggest enhanced Type I collagen synthesis, a critical
factor in tendon healing. Type I collagen is the primary structural component of the tendon extracellular matrix, providing
strength and stability.® This finding indicates that MSC secretome injections may accelerate new collagen formation in
chronically injured tendons. Beyond PINP elevation, connective tissue healing relies on complex interactions between cell
types, such as fibroblasts and macrophages, and the role of growth factors that MSC secretome releases. By modulating the
microenvironment through enhancing fibroblast activity and reducing inflammation through paracrine signaling, the MSC
secretome may further promote collagen synthesis and extracellular matrix remodeling, aiding tendon repair.>**

On the other hand, the lack of significant differences in PIIINP levels suggests that, while Type I collagen synthesis
increased, Type III collagen did not. Type III collagen, prominent in early wound healing, is typically replaced by the
more resilient Type I collagen during tissue remodeling.®'? Our measurements, taken at six weeks post-operation, likely
reflect this remodeling phase, where Type I collagen production naturally rises, aligning with studies showing Type
I collagen increases around 4-6 weeks post-injury. This suggests that the MSC secretome primarily supports structural
repair through Type I rather than Type III collagen synthesis.**~*

Furthermore, although this study did not show significant differences in PIIINP levels, previous studies have
suggested that combining cellular and molecular therapies, such as immunomodulated scaffolds, may yield more optimal
outcomes in tendon healing, particularly regarding long-term structural and functional repair.>>=® Our findings align with
previous research showing that applying MSC secretome, significantly when enriched with growth factors and cytokines,
can enhance tissue injury healing by increasing Type I collagen synthesis without causing excessive fibrosis.>’**

Histopathological analysis of the rat tendons revealed no significant differences in the total histopathological scores
between the groups injected with MSC secretome and the control group. The histopathological score includes assess-
ments of collagen quantity, angiogenesis, and cartilage formation in the tested tendons. The increased PINP levels
suggest enhanced Type I collagen synthesis, but significant histopathological changes may not appear short-term,

possibly due to study duration, secretome dose, or the complexity of chronic tendon healing.>**' To strengthen the
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interpretation of vascularization, future studies should incorporate additional immunohistochemical markers, such as
VEGF or a-SMA, to better characterize neovascularization.

This study has several limitations. First, the direct injury to healthy rat tendons differs from the natural degenerative
process in chronic injuries, limiting direct clinical applicability. While PINP increase with secretome injection suggests
a potential for enhanced tendon repair, further research is needed to validate these benefits. Despite this, our results
support secretome injections as a promising approach for tendon repair, offering advantages in scalability, storage, and
reduced risks compared to cell transplantation, such as immune reactions, cell survival issues, and infection.*?

The significant increase in PINP levels in the combination group of TDSCs and ASCs compared to the control group
suggests that this secretome combination could accelerate the healing of chronic tendon injuries. However, the
histopathological results highlight that molecular-level improvements do not always correlate with observable micro-
scopic changes in the short term. Therefore, long-term studies with continuous observation are needed to confirm the
effectiveness of this therapy in repairing the structure and function of injured tendons.

Conclusion

The injection of MSC secretome, combining TDSCs and ASCs, increases Type I collagen synthesis, improves tendon
microstructure, and reduces inflammation, making it effective in accelerating the healing of chronic tendon injuries in
rats. Further research on larger animal models, long-term evaluations, and human clinical trials is recommended.
Developing standard protocols and considering cost factors are essential for the broad application of this therapy.
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