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ARTICLE INFO ABSTRACT

Keywords: Background: Prevention of adhesion formation following flexor tendon repair is essential for restoration of normal
Adhesion finger function. Although many medications have been studied in the experimental setting to prevent adhesions,
Flexo'r tendon repair clinical application is limited due to the complexity of application and delivery in clinical translation.

g:i:;i dine Methods: In this study, optimal dosages of gelatin and pentamidine were validated by gelatin concentration test.

Following cell viability, cell migration, live and dead cell, and cell adhesion assay of the Turkey tenocytes, a
model of Turkey tendon repair was established to evaluate the effectiveness of the Pentamidine-Gelatin sheet.
Results: Pentamidine carried with gelatin, a Food and drug administration (FDA) approved material for drug
delivery, showed good dynamic release, biocompatibility, and degradation. The optimal dose of pentamidine
(25ug) was determined in the in vivo study using tenocyte viability, migration, and cell adhesion assays. Further
biochemical analyses demonstrated that this positive effect may be due to pentamidine downregulating the Wnt
signaling pathway without affecting collagen expression.

Conclusions: We tested a FDA-approved antibiotic, pentamidine, for reducing adhesion formation after flexor
tendon repair in both in vitro and in vivo using a novel turkey animal model. Compared with the non-
pentamidine treatment group, pentamidine treated turkeys had significantly reduced adhesions and improved
digit function after six weeks of tendon healing.

The translational potential of this article: This study for the first time showed that a common clinical drug, pent-
amidine, has a potential for clinical application to reduce tendon adhesions and improve tendon gliding function
without interfering with tendon healing.

Turkey model

1. Introduction

Tendon adhesions are a common clinical problem presenting
considerable challenges to the surgeon. Surgical repair of flexor tendon
injuries, especially in Zone II area of the hand, are often complicated by
adhesions despite improvements in surgical techniques and controlled
motion rehabilitation protocols [1]. Designing novel pharmacological or
biological therapies to mitigate adhesions remains an unmet clinical
need [2-4]. With the development of molecular biology, many cyto-
kines, glycoproteins, and medications have been studied for tendon
adhesion prevention, such as TGFf inhibitors, anti-fibrotic molecules,
and lubricin [5-7]. However, food and drug administration (FDA)

approved drugs that can directly translate to clinical practice are
limited.

Pentamidine (1,5-Bis(4-amidinophenoxy)pentane) is an aromatic
diamidine which is pharmacologically utilized as an antiprotazoal
agent. It is used in the treatment and prevention of Pneumocystis carinii
pneumonia (PCP), particularly in patients with HIV infection, and in the
treatment of trypanosomiasis and visceral leishmaniasis [8]. Pentami-
dine has recently been highlighted as a potential anti-cancer drug,
particularly in the context of melanoma [9,10]. It has also been
demonstrated to have anti-inflammatory properties and data (not pub-
lished) from our lab has shown that it can inhibit fibrosis in rabbit
models of hypertrophic scar. Pentamidine’s effects on tendon adhesions
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have not been evaluated.

Gelatin is a biodegradable material that has been extensively inves-
tigated as a drug delivery carrier for many classes of drugs due to its
properties as a natural biomaterial and history of safe use in a wide
range of medical and pharmaceutical applications. Anti-inflammatory
drugs, antineoplastic compounds, antibacterial agents, and recently
nucleic acid and hydrophobic materials have been delivered by gelatin,
as reported in the literature [11-15]. Drug controlled-release carriers
offer many advantages compared to conventional dosage forms,
including improved efficacy, maintenance of the desired drug concen-
tration in the blood for a long period of time without reaching a toxic
level or dropping below the effective level, reduced toxicity, and
improvement in patient compliance and convenience. As a drug delivery
carrier, gelatin is versatile due to its intrinsic features that enable the
design of different carrier systems [16].

Animal models have been extensively used for flexor tendon repair
related research including large animals such as dogs and small animals
such as rats. However, in translational research a large animal model is
preferred, as the clinically relevant repairs and post-care can be per-
formed. Recently, a novel turkey flexor tendon model was introduced
with several advantages compared with other large animal models
including large tendon size comparable to human flexor tendon [6],
comparable biological responses to injury and healing, sufficient avail-
ability, and lack of concerns of using human companion animals such as
dogs [17].

The purpose of this study was to investigate the effects of pentami-
dine delivered with gelatin on preventing tendon adhesions following
flexor tendon repair using a novel turkey animal model both in vitro and
in vivo. We hypothesized that pentamidine could effectively reduce
adhesions and improve limb function. We further hypothesized that the
optimized dose of pentamidine could eliminate an adverse effect of
impairing tendon healing.

2. Materials and methods
2.1. Study design

To test our hypotheses, we used both in vitro and in vivo models to
characterize pentamidine effectiveness. In the in vitro model, we used
turkey tenocytes that were harvested from turkey flexor tendons for
cellular and molecular assessments with various pentamidine doses that
were based on the range of clinical use and our rabbit wound healing
pilot study from 0 to 100 ug/ml. The optimal dose was considered to be
the maximal does of pentamidine that did not significantly decrease cell
proliferation, migration, adhesion, and collagen production. Then,
pentamidine at the selected optimal dose was embedded with 10 %
gelatin to fabricate a pentamidine-sheet, and the pentamidine-sheet was
then validated in an in vivo turkey flexor tendon model. At six weeks
follow up, turkeys were sacrificed for the evaluations described in detail
below.

2.2. In vitro experiment

2.2.1. Isolation and culture of Turkey tenocytes

Two flexor digitorum profundus (FDP) tendons from one heritage-
breed turkey (6 months, weighing 8-10 kg) were used for the isolation
of tenocytes. The turkey tendon model is a well-established large animal
model for flexor tendon injury [6,18]. The turkey for tenocyte isolation
was killed for another IACUC-approved project that did not involve
tendon related research. Briefly, following removal of the connective
tissue, the tendon was cut into approximately 1 mm?® and incubated for
40 min in 5 ml 0.05 % collagenase. After being washed 3 times in PBS,
the turkey tenocytes were cultured in Dulbecco’s Modified Eagle’s Me-
dium (DMEM; Corning, USA) supplemented with 10 % fetal bovine
serum (FBS; Gibco®, USA) and 1 % antibiotic—antimycotic (AA; Gibco®,
USA) in a humidified incubator containing 5 % CO2 at 37 °C. After a
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second passage, all the above cells were used for the following
experiments.

2.2.2. Gelatin concentration test

Before the cell experiment, optimal dosages of gelatin (Sigma, USA)
and pentamidine (HIPAASpace, USA) were validated according to pre-
vious studies [19-21]. In brief, turkey tenocytes were seeded 2 x 10*
cells per well on a 12-well plate (Corning®, USA) and incubated at 37 °C
for 24 h to permit complete adhesion. The groupings were as the
following: 10 % gelatin with/without 50 pg/mL pentamidine, 20 %
gelatin with/without 50 pg/mL pentamidine, respectively (Supple-
mental Fig. 1). Subsequently, the cells viability of each group was
captured in real-time by using IncuCyte® S3 Live Cell Analysis System
(Essen BioScience, USA).

2.2.3. Cell viability assay

To explore the dose effect of pentamidine, the tenocytes were divided
into groups based on different concentrations of pentamidine (0, 5, 10,
15, 20, 25, 30, 35, 40, 45, and 50 pg/mL). Turkey tenocytes were pre-
pared by seeding 1 x 10° cells per well on a 96-well plate (Corning®,
USA) and incubated at 37 °C for 24 h to permit complete adhesion.
Subsequently, cellular viability of each group was captured in real-time
and analyzed by using IncuCyte® S3 Live Cell Analysis System (Essen
BioScience, USA).

2.2.4. Cell migration assay

For the cell migration assay, turkey tenocytes were seeded with 1 x
10* cells per well on a 12-well plate (Corning®, USA) and incubated at
37 °C for 24 h to permit complete adhesion. A scratch was introduced to
the confluent cells with a 200-pL sterile pipette tip (Molecular Bio-
Products, USA). Turkey tenocytes were allowed to continue growing for
48 h in different pentamidine dose groups (0, 10, 20, 30, 40, and 50 pg/
mL). Similarly, the cell migration of each group was captured in real-
time by using IncuCyte® S3 Live Cell Analysis System (Essen BioSci-
ence, USA) and the cells migrating rate was analyzed by Image J Soft-
ware (v.1.8.0, NIH, USA).

2.2.5. Live and dead cell assay

The live and dead cell assay was performed using a LIVE/DEAD™
Viability/Cytotoxicity kit (ThermoFisher, USA) according to the manu-
facturer’s instructions. In brief, Turkey tenocytes were seeded with 1 x
10* cells per well on a 12-well plate (Corning®, USA) and incubated at
37 °C for 24 h to permit complete adhesion. Turkey tenocytes were
allowed to continue growing for 48 h in different concentrations of
pentamidine (0, 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, and 100 pg/mL).
After 24 h, Calcein AM (1:2000) and Ethidium homodimer-1 (1:500)
were added to each well and incubated for 10 min. Subsequently, the
fluorescence images of each well were captured and assessed in real-
time by using IncuCyte® S3 Live Cell Analysis System (Essen BioSci-
ence, USA).

2.2.6. Cell adhesion assay

The cell adhesion assay was performed using a Cell Adhesion kit (Cell
Biolabs, USA) according to the manufacturer’s instructions. Briefly,
Turkey tenocytes were seeded with 2 x 10° cells per well on a 48-well
plate and incubated at 37 °C for 1 h to permit complete adhesion. The
media of each well was carefully aspirated and washed with phosphate
buffered saline (PBS, ThermoFisher, USA) for 4-5 times. After incubated
with Lysis Buffer/CyQuant® GR dye solution for 20 min at room tem-
perature with shaking. The fluorescence of each well was read and
assessed with a plate reader (BMGLABTECH, USA) at 480/520 nm.

2.2.7. Pentamidine-gelatin sheet preparation

In order to deliver pentamidine in our flexor tendon repair in vivo
model, we used 10 % gelatin, which has been used for flexor tendon
surface modification in many studies [22-24], to fabricate a
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pentamidine-gelatin sheet. The optimal dose of pentamidine was 25
ug/mL based on the in vitro optimization experiments. The MES solution
was prepared through mixing MES hydrate (Sigma, USA) and saline,
using digital pH meter to adjust the pH to 6.0 with either NaOH or HCL
(all from Sigma, USA). The pentamidine isethionate solution was pre-
pared by mixing pentamidine powder into saline. The gelatin solution
was prepared by adding gelatin powder to the MES solution and stirred
at 80 °C until clear. The gelatin solution was cooled to 45 °C, and the
pentamidine solution was added into the gelatin solution while stirring
continuously for 5 min to achieve the desired concentration (25 ug/mL
pentamidine and 10 % gelatin). The final pentamidine-infused gelatin
was poured onto silver paper, cooling it to room temperature until it
became a gel.

2.2.8. Scanning electron microscopy (SEM) of pentamidine-gelatin sheet
The gelatin patches with or without pentamidine were dehydrated in
increasing concentrations of alcohol (70 %, 80 %, 90 %, and 100 %) and
were critically dried with a CO2 critical-point dryer. They were mounted
onto aluminum stubs and coated with gold, then viewed under a scan-
ning electron microscope (SEM) at an accelerating voltage of 3.0 kV.

2.2.9. In vivo experiment

2.2.9.1. Ethics statement. Thirty female adult Red Bourbon turkeys
(about 1 year old, weighing 8-10 kg) were randomly assigned into three
groups: Control (surgery only), Gelatin (surgery with 10 % gelatin sheet
alone), or Pentamidine (surgery with pentamidine gelatin sheet) with 10
turkeys per group. The experimental procedures and animal care were
approved by our Institutional Animal Care and Use Committee (IACUC
No. A00003525-18). Before surgery, all turkeys were kept under a hu-
midity- and temperature-controlled environment with free access to
food and water.

2.2.10. Animal model

The third (middle) digit on either the right or left foot of each turkey
was randomly chosen to be surgically repaired. The other non-operated
third digit served as the baseline. A Z-shaped incision was made at the
level of the proximal interphalangeal (PIP) joint on the volar side of the
third digit. The flexor digitorum profundus tendon was exposed and a
laceration was made 1 cm distal to the proximal vinculum. Tendon was
repaired with the modified Pennington technique (4-0 Fiberwire) and a
circumferential running suture (6-0 Prolene). After tendon repair, the
skin was closed with 3-0 Vicryl sutures. All operated feet were wrapped
with gauze and cast with digits in flexion until sacrifice six weeks after
surgery. Following animal sacrifice, the repaired digits, and tendons
were tested for work of flexion (WOF), tendon gliding resistance, and
repair strength, as well as assessed by real-time quantitative reverse
transcription polymerase chain reaction (qRT-PCR), histology, and
immunohistochemistry.

2.2.11. Adbhesion score

All the repaired tendons were dissected and scored at based on a
previously published scoring system of 0 (no adhesion) to 4 (severe
adhesions) [18,25]. The scorers (SG and KN) were blinded to the
treatments. Scoring occurred at two sites making the total score from
0 to 8.

2.2.12. Normalized work of flexion (nWOF)

Work of flexion at the PIP joint was assessed in eight turkeys in each
group with a combined tensile transducer and a motion analysis system
as previously described [26-28]. Briefly, a Kirschner wire was inserted
longitudinally through the most proximal phalangeal bone. Reflective
markers were attached to the distal phalanx in turkey to serve as
markers for the phalanges. The prepared digit was mounted on the
testing device by fixing the proximal Kirschner wire (K-wire) to a custom
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jig. The testing device consisted of a testing frame, actuator, linear
potentiometer, and one load transducer. A 0.5-N weight was attached to
the extensor tendon to ensure full extension of the digit as a starting
position and to apply an initial tension to the flexor tendons. The
actuator pulled the tendon proximally at a rate of 2 mm/s, causing
digital flexion, until the digit was fully flexed. Data from the linear
potentiometer and proximal load transducer were recorded at 50 Hz.
During testing, digit marker motion (from extension to flexion) was
recorded simultaneously by motion capture cameras (Motion Analysis
Corp., Santa Rosa, CA) to obtain PIP and DIP joint motion. The total
work of flexion was calculated based on the area of force-displacement
curve, and nWOF was calculated by total WOF divided by total PIP and
distal interphalangeal (DIP) joint motion angles, which indicated the
work to move joint per degree.

2.2.13. Measurement of tendon gliding resistance

Following the WOF measurement, the tendon graft was further
dissected, with the proximal pulley kept intact. The gap size of repaired
tendons was also evaluated with calipers. The proximal pulley and
tendon repair site were then measured with use of a custom tendon-
pulley frictional testing device according to previous studies [27,29].
In brief, the FDP tendon and proximal pulley were preserved after
dissection. The proximal phalanx was mounted on the device with the
K-wire that had been used to fix the metacarpophalangeal joint. One
mechanical actuator with a linear potentiometer was connected to the
proximal end of the FDP tendon. The custom-made ring load transducer
and a 500 g weight were connected to the distal end of the FDP tendon.
The tendon was pulled proximally by the actuator against the weight at a
rate of 2 mm/s. The force differential between the proximal and distal
tendon ends represents the gliding resistance.

2.2.14. Measurement of repair strength

After tendon gliding test, eight repaired tendons in each group had
mechanical strength testing according to previously published protocols
[26,27]. Briefly, the FDP tendons were secured to a servo hydraulic
testing machine (MTS Systems, Eden Prairie, Minnesota) and distracted
to failure at a rate of 20 mm/min. A differential variable reluctance
transducer (MicroStrain, Williston, Vermont) was attached to the repair
site of the FDP tendon through two barbed pins inserted perpendicularly
into the tendon to measure gap formation during testing. The repair
strength and stiffness (the slope of force versus displacement) at the
repair site were measured to assess the mechanical quality of healing of
the repaired tendon.

2.2.15. Bioinformatic analysis

In order to further explore the molecular changes in the WNT
signaling pathway after tendon injury and the effect of pentamidine on
them, based on the similarity of tendon peritendinous adhesion in both
turkey and human tendon injury, we used the National Centre of
Biotechnology Information (NCBI) Gene Expression Omnibus database.
In this database, human tendon samples were collected, and total RNA
was isolated at 2-3 weeks after injury. The transcriptome profiles of
GSE108933 were obtained from the NCBI, which comprises a total of 6
samples, including 3 injury tendon tissues (peritendinous fibrosis) and 3
normal tendon tissues [30]. All differentially expressed genes (DEGs)
were imported into GraphPad Prism Software (GraphPad v8.2, CA) and
Cytoscape Software (v3.8.2) for data analysis and statistical analysis.
Then all DEGs were used for subsequent functional enrichment analysis
of Gene Ontology (GO) analysis using DAVID (the Database for Anno-
tation, Visualization, and Integrated Discovery, https://david.ncifcrf.
gov/2021.02.15).

According to the GSE108933 database, a total of 20325 DEGs were
detected with significant differences between injured tendons and
normal tendons. Of these 20325, 131 DEGs were identified as Wnt
related genes. The chromosomal distribution of these 131 DEGs is shown
in Fig. 5A. The results of GO enrichment analysis are presented in
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Fig. 1. The cell migration test of pentamidine in turkey tenocytes. (A) The overview of turkey tenocytes treated with different doses of pentamidine (0-50 pg/mL) at
0 h to 48 h in IncuCyte® S3 Live Cell Analysis System. Scale bar: 800 pm. (B) The cell migration test showed the 40 and 50 pg/mL pentamidine groups could

significantly reduce the cell migration compare with 0 pg/mL pentamidine groups at 48 h post-seeded.*p < 0.05, **p < 0.01, ***p < 0.001,

Fig. 5B. We found that these DEGs were mainly associated with terms
related to the WNT signaling pathway, protein binding, and nucleo-
plasm. The PPI network of 131 Wnt related DEGs for tendon injury are
shown in Fig. 5C. All of the 131 Wnt related DEGs are shown in a heat
map (Fig. 5D).

2.2.16. RNA isolation and qRT-PCR

Total RNA was extracted from turkey tendons with TRIzol (Invi-
trogen, USA). Following RNA extraction, 1 pg of total RNA per sample
was reverse transcribed using the iScript™ cDNA Synthesis Kit (Bio-Rad,
USA). In addition, the thermal program consisted of 2 min at 95 °C, then
40 cycles of amplifications, 5 s at 95 °C for denaturation, 5 s at 65 °C for
annealing, and 5 s at 95 °C for extension. All samples were performed on
C1000 Touch™ Thermal Cycler (Bio-Rad, USA) using SYBR Green PCR
Master Mix (Quantabio, USA) to measure the gene expressions of
collagen type I alpha 2 chain (COL1A2), collagen type II alpha 1 chain
(COL2A1), SRY-box transcription factor 9 (SCX9), decorin (DCN),
tenomodulin (TNMD), Wnt family member 3A (WNT3A), Wnt family
member 5A (WNT5A), Wnt family member 7A (WNT7A), Wnt family
member 9A (WNT9A), Wnt family member 11 (WNT11), Wnt family
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member 16 (WNT16), and teneurin-3-like (Teneurin3). GAPDH and
RPL19 were used as the internal control and all the primers are shown in
Supplemental Table 1. Each sample was analyzed in triplicate. The
relative quantification of the genes of interest was calculated using the
27A8C method.

2.2.17. Histological evaluation

For histology, two turkeys in each group were used for histological
evaluation and immunohistochemistry. Briefly, tendon tissues in each
group were prepared as paraffin sagittal sections at 5 pm thickness.
Sections were stained with Hematoxylin and Eosin (Thermo Fisher
Scientific, USA), Sirius Red (Polysciences, USA), and Masson staining
(American Mastertech Scientific, USA) to evaluate the morphology and
cellularity with light microscopy (Zeiss, Germany).

2.2.18. Immunohistochemistry

For immunohistochemistry, sections were stained with Collagen
Type I (COL1) antibody (Catalog No. ABIN5680216, Antibodies, USA),
Collagen Type III (COL3) antibody (Catalog No. ABIN237035, Anti-
bodies, USA), WNT7A (Catalog No. ABIN1049483, Antibodies, USA)
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Fig. 2. The live/dead and adhesion assay of pentamidine in turkey tenocytes. (A) Tenocytes viability was assessed and visualized by live/dead assay with fluorescent
dyes to distinguish live (green) and dead cells (red) at 24 h post-seeded in IncuCyte® S3 Live Cell Analysis System. Scale bar: 200 pm. (B) The quantitative analysis
showed high dose of pentamidine (>45 pg/mL) could significantly reduce the cell viability compare with 0 pg/mL pentamidine group. (C) The cell adhesion assay
showed 100-200 pg/mL pentamidine could significantly reduce the cell adhesion compare with 0 pg/mL pentamidine at Fibronectin, Collagen I, Collagen IV, and
Fibrinogen groups. BSA group was as a negative control. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. The overview and SEM of pentamidine-gelatin patch. The scan electron microscopy showed the patch of gelatin only group had a smooth surface without
particles. While the gelatin patch with 25 pg/mL pentamidine group had a rough surface with many pentamidine particles clustered together.

and WNT11 antibody (Catalog No. ABIN1049471, Antibodies, USA).
Then, the sections were stained with Alexa Fluor 488-conjugated Affi-
niPure Goat Anti-Rabbit IgG (H + L) (1:200, Jackson ImmunoResearch,
USA), AffiniPure Donkey Anti-Rabbit IgG (H + L) (1:200, Jackson
ImmunoResearch, USA), and DAPI (1:100, Thermo, USA), respectively.
The quantification of COL1, COL3, WNT7A, and WNT11 positive areas
was evaluated with 6 non-overlapping randomly areas per specimen
under the confocal (Zeiss, Germany). The positive rate was analyzed by
Image J Software (v.1.8.0, NIH, USA).

2.2.19. Statistical analysis

All data are presented as the mean + SEM. Statistical analysis was
performed with GraphPad Prism statistical software (version 8.0.2;
GraphPad Software, Inc., San Diego, CA); the For multiple comparisons,
one-way analysis of variance (ANOVA) was used to detected significant
differences followed by Tukey’s multiple comparisons test to compare
differences between two groups. The Kruskal-Wallis test was performed
when the data is not a normal distribution. p values less than 0.05 were
considered statistically significant.

3. Results
3.1. In vitro experiment

An in vitro dose test was performed with turkey tenocytes to evaluate
the dose of pentamidine and gelatin use. In this study, turkey tenocytes
were treated with different doses of gelatin (10 % or 20 %) with or
without pentamidine (50 pg/mL) and captured in real-time by using
IncuCyte® S3 Live Cell Analysis System. Supplemental Fig. 1 shows that
50 pg/mL pentamidine significantly reduced the cell viability (p < 0.05)
compared with no pentamidine groups at days 5, 6, 7, 8, and 9 post-
seeding. There was no significant difference between the 10 % 20 %
gelatin groups (p > 0.05).

3.1.1. Effect of pentamidine on tenocyte proliferation and migration

The cell viability test showed there was no significant difference
between the 0-25 pg/mL pentamidine groups (p > 0.05). However,
30-50 pg/mL pentamidine resulted in significantly reduced cell viability
(p < 0.05) compared with 0 pg/mL pentamidine at days 5 and 6
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following cell seeding (Supplemental Fig. 2). Cell migration assay
showed no significant difference between the 0-30 pg/mL pentamidine
groups (p > 0.05), but 40 and 50 pg/mL pentamidine doses significantly
reduced cell migration (p < 0.05) at 48 h post-seeding (Fig. 1A and B). In
addition, the live and dead test showed that 45 pg/mL pentamidine (p <
0.05) and 100 pg/mL pentamidine (p < 0.0001) significantly reduced
cell viability compare with 0 pg/mL pentamidine group (Fig. 2A and B).

3.1.2. Pentamidine reduced Turkey tenocyte adhesion

The cells treated with different doses of pentamidine were mixed
with Fibronectin, Collagen I, Collagen IV, Laminin I, Fibrinogen, or
Bovine Serum Albumin (BSA). BSA was a negative control. As shown in
Fig. 2C, the cell adhesion test showed there was no significant difference
among different doses of pentamidine in Laminin I and BSA groups.
However, 100-200 pg/mL pentamidine significantly reduced the cell
adhesion (p < 0.01) compare with 0 pg/mL pentamidine in the Fibro-
nectin, Collagen I, Collagen IV, and Fibrinogen groups. In the Fibro-
nectin group, 50 pg/mL pentamidine also significantly reduced the cell
adhesion (p < 0.01) compared with 0 pg/mL pentamidine.

3.1.3. Characterization of pentamidine-gelatin patch

As shown in Fig. 3, the pentamidine-gelatin patch is translucent, and
the texture is soft and jelly-like. The size of the pentamidine-gelatin
patch is about 1.5 cm (Long) x 1.0 cm (Short) x 0.5 cm (Thickness).
The total volume of the pentamidine-gelatin patch is 1 mL. The SEM
showed that the gelatin sheet alone had a smooth surface. However, the
gelatin patch with 25 pg/mL pentamidine had a rough surface with
many pentamidine particles clustered together.

3.2. In vivo experiment

3.2.1. Adhesion formation and WOF

As shown in Fig. 4A, the suture method of tendon repair was a
modified Pennington technique (Red line) with a circumferential
running suture (Green line). The surgical procedure and casting process
were performed according to the above descriptions (Fig. 4B and C). The
circle in Fig. 4B showed the area of the material placement. Six weeks
later, after dissection of all FDP tendons, all tendons in each group were
intact and the overview of the surface is shown in Fig. 4D. For the
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adhesion score, no difference was found between the Control and
Gelatin groups (p > 0.05), while the adhesion score in the Pentamidine
group was significantly lower than that in the Control group (p < 0.05)
and Gelatin group (p < 0.001) (Fig. 4E).

For the work of flexion, both the distal interphalangeal and the
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proximal interphalangeal of WOF in the Pentamidine group were
significantly lower than that in the Control group (p < 0.05), while there
was no difference between the Control and Gelatin groups (p > 0.05) or
Gelatin and Pentamidine groups (p > 0.05) (Fig. 4F and G). For the
gliding resistance, no difference was found in frictional force between



G. Shi et al.

Number of Genes

w

il

0

ool lnng Hﬂn

N E X OA B DN DG DD D
S S P S S S FF ST ST ST

150 [ Biological Process
1 Molecular Function

120 3 Cellular Component

920

60

o S § ¢
R o Al St
S S S T T T T TS LS §
FFL LTS T TS
€
S S E T
I NI gt
Ae‘s «"‘é\ “‘aq\s! °\§’\ @‘?f\"’w ®‘&§°‘;@§ ¥ e@q S
N N & F S &S
S ST FF P FES
\b@ & L Q\@ S $ &Q\$&»' P g‘P &
N & &S O N S
e &P Lo & St
o RO o F
Qw‘“‘ %\\\Q“@“ d@' “Q@“ &
N\ > ¥ ¥ %
St E ¢ &
&

P

Journal of Orthopaedic Translation 45 (2024) 75-87

APC2
BAMBI
LEF1
TCF7 1
FRAT1
PRKCB
RAC2
TCF7L2
WNT8A
SFRP1
DKK1
AXIN2
WNT16
WNT9A
WNT3A
DKK2
FOSL1
PPARD
NFATC2
MYC

WIF1
FZD5
NKD1
NFATC1
COND1
WNT4
WNT7A
SFRP4
WNT1
CSNK1ATL
CAMK2A
SFRP2

-1

FZD4
PPP3R2

CXXC4
PRICKLE1
FzD2

NLK
WNT10A
SERPINF1
RAC3
CTNNBIP1
RUVBL1
WNT9B

Normal Fibrotic

Fig. 5. Expression signatures of differential expression genes in injury tendons and normal tendons. (A) Chromosome distribution showed the numbers of differential
expression genes located at different chromosomes. (B) GO analysis of differential expression genes. BP, biological processes; CC, cellular component; GO, gene
ontology; (C) PPI network and the core genes of the differential methylation genes. (D) Representative heat map of the 131 Wnt-related differential expression genes.

the 3 groups (p > 0.05) (Fig. 4H). For the maximum strength to failure
(Fig. 41) and stiffness to failure, no difference was found in frictional
force among the 3 groups (p > 0.05) (Fig. 4J).

3.2.2. Gene analysis by qPCR

To further verify the expression of these DEGs, gene expression was
assessed by qPCR in vivo and in vitro. In vitro experiments (turkey
tenocytes) showed the expression of WNT3A, WNT5A, WNT9A, WNT11,
and Teneurins-3 to be significantly decreased in the Gelatin plus 100 pg/
mL Pentamidine group compared to the Control group (p < 0.05)
(Fig. 6A). For the expression of WNT7A and WNT16, there were no
significant changes between the Gelatin plus Pentamidine group and
Control group (p > 0.05). In tendon tissues, the expression of WNT3A,
WNT5A, WNT7A, WNT9A, WNT11, WNT16, and Teneurins-3 was
significantly decreased in the Gelatin plus 25 pg/mL Pentamidine group
compared to the Control group (p < 0.01) (Fig. 6B). There were no
significant changes in COL1A2, COL2Al1, DCN, SCX, and TNMD
expression among each group (p > 0.05) (Fig. 6C).

3.2.3. Histology and immunohistochemistry
Histologically, all tendons displayed complete healing with no
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visible gaps between the repaired tendon ends at day 42. Cellularity at
the repair site seems not obviously different among different groups in
H&E staining. Masson trichrome staining showed repaired tendon
structure with randomly aligned collagen fibers. The Sirius red staining
showed most of the collagen fibers belonged to type I collagen and
difference in collagen alignment was observed (Fig. 7). Immunohisto-
chemical staining found no differences in COL1A1 and COL2A1 among
each group (p > 0.05). However, the expression of WNT7A and WNT11
was significantly decreased in the Pentamidine group when compared to
Control (p < 0.05) and Gelatin groups (p < 0.01) (Fig. 8).

4. Discussion

The hypothesis of this study was supported that pentamidine-gelatin
sheet significantly decreased adhesion formation after flexor digitorum
profundus tendon repairs up to six weeks postoperatively, leading to
improved digital function compared with that of the repaired tendon
without pentamidine treatment. Pentamidine is an FDA-approved drug
used to treat parasitic infections [31]. Early studies have shown that
despite potentially serious side effects (nephrotoxicity, hypoglycemia,
etc.), pentamidine can resolve pneumonia episodes in approximately
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41-87 % of patients. It is a rigorously validated antibacterial agent,
especially in the treatment of PCP in AIDS patients [32]. In our study, we
have shown for the first time that a pentamidine-loaded gelatin scaffold
can significantly reduce adhesions during tendon healing in an animal
model.

As pentamidine is often systematically used in clinics with intrave-
nous and intramuscular injection, the effective dose for localized
application in tendon repair needed to be defined. During our pilot
experiment, we used 300 mg pentamidine powder, which is the typical
clinical dose, directly applied to the repaired tendon that resulted in all
repaired tendons being ruptured at six weeks. This failed experiment
indicates the strong anti-proliferative effects of pentamidine, through
interference of critical functions in DNA, RNA, phospholipid, and pro-
tein synthesis. Therefore, various concentrations of pentamidine were
studied using an in vitro model, to identify an appropriate level for use
to block tendon adhesions. We selected a range to screen for the optimal
dose, one that would not negatively affect tenocyte viability, prolifera-
tion, or migration. The dose of 25 ug/mL, though far lower than the
clinical dosed used as an antibiotic, demonstrated effectiveness in
reducing adhesions and improving digit function after tendon repair in
our vivo experiment. Further bioinformatics analysis, qPCR, and IHC
verified that the possible mechanism of pentamidine reducing tendon
adhesion may be due to the significant reduction of Wnt7A and Wntl1 in
the WNT signaling pathway.

Many different materials have been tried to prevent or reduce ad-
hesions during tendon healing, including ubricants, growth factors, and
physical barriers. The effective components of them include
carbodiimide-derivatized hyaluronic acid [33], gelatin [34], lubricin
[35], silver nanoparticles [36], and polylactic-co-glycolic acid (PLGA)
[37]. All these require some sort of carrier, often a gelatin. Gelatin is an
FDA-approved hydrogel in which has been used in tissue engineering
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[38], drug delivery [39], and regenerative medicine [40] due to its weak
antigenicity [41], good biodegradability [42], and excellent biocom-
patibility [43]. Recently, Zhang et al. investigated platelet-rich plasma
(PRP) combined with a gelatin sponge (GS) to improve tendon-bone
interface healing and structure formation [44]. Bhavsar et al. evaluated
the use of collagen-glycosaminoglycan (GAG) material as an adjunct to
surgical for flexor tendon repair [45]. The study showed that
collagen-GAG scaffold can effectively reduce formation of early post-
operative tendon adhesions in chicken flexor tendon repair model
without affecting the quality or strength of the tendon, mainly through
the mechanism of physical barriers that protect tendon intrinsic healing
and obstruct extrinsic healing. Previous studies showed that the degra-
dation of collagen-GAG scaffold in vivo was usually 2-3 weeks [45]. In
this study, after 6 weeks, the gelatin was completely degraded. How-
ever, the smaller number of experimental animals and shorter obser-
vation period are the limitations of this study. In this study, when we
dissolved up to 100ug/L of pentamidine into the collagen-GAG scaffold,
we did not find any precipitation or crystallization, and the encapsula-
tion has good repeatability and easy operability. To our knowledge, this
current study is the first to combine two FDA-approved drugs to create a
bioactive scaffold with high histocompatibility and easily degradable in
vivo, which can successfully reduce adhesions during tendon healing.
All the above results were in good agreement, indicating the results are
valid and repeatable.

The outcomes of previous studies regarding postoperative adhesion
and functional recovery are similar to this study but ultimately failed to
explain the mechanism why various composite scaffolds can reduce
postoperative tendon adhesion [46-48]. After discovering that the
pentamidine-gelatin scaffold can reduce the adhesion after tendon
repair, we investigated the GEO database (GSE108933) of NCBI, and
revealed 20325 DEGs between normal tendon and injury tendon, and
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Fig. 7. Histology results of healing tendons in different groups at 6 weeks. (A) Representative H&E staining images at 6 weeks after surgery. (B) Representative
Masson staining images at 6 weeks after surgery. (C) Representative Sirius red staining images at 6 weeks after surgery. Scale bar: 200 pm. Narrow showed running
suture. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

further identified important adhesion markers related to the Wnt signal
pathway. A previous study demonstrated that the formation of flexor
and extensor tendons of digits occurs between the surface of the ecto-
derm and differentiated phalanges, and the formation of the tendons of
the ectoderm is related to the expression of Wnt family members,
including Wnt6, Wnt7a, and Wnt3 [49,50]. In addition, multiple pre-
vious studies have shown that there is a close relationship between
several Wnt members and adhesion, including Wnt3a, Wnt5a, Wnt7a,
and Wntl1 [51,52]. Yoshioka et al. found that Wnt7a expression could
affect cell proliferation, adhesion, and invasion in vitro analysis of cell
function [53]. They demonstrated that the high expression of Wnt7a can
increase cell-cell adhesion and promote tumor cell proliferation, which
is consentient with our findings that pentamidine reduced Wnt7a
expression leading to decreased adhesion after tendon repair. In addi-
tion, Wnt11 also plays an important role in cell-cell adhesion [54-56].
Besides cell adhesion, the Wnt pathway was reported to suppress teno-
genic genes of Scx, Mkx, and Tnmd [57,58]. Supressing the Wnt
pathway was shown to reduce peritenous scars and improve tendon
biomechanical functions [59-61].

This study had several limitations. First, tendon gap size was not
measured in this study, all the in vivo experimental data were obtained
at one time point, six weeks after repair. Second, the animals we used
were only female turkeys, due to limited accessibility of male turkeys.
However, since the tendon structure, cellular and molecular composi-
tion are similar between female and male, the comparison between
different treatment groups should be reliable. We only discussed the role
of tendon cells in the process of tendon regeneration. Third, the
microenvironment of tendon regeneration in vivo is complex, and a
variety of inflammatory cells, fibroblasts and tendon cells participate in
and coordinate the repair of tendons. Fourth, we did not perform a drug
release test for Pentamidine from the gelatin gel, a crucial aspect in
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pharmaceutical treatment development. A sustained and controlled
release of pentamidine from the delivery system is a critical feature that
impact its efficacy. Establishing and optimizing a new method to address
this limitation will require a few months. While the primary focus of this
paper centers on therapeutic outcomes and performance tests, investi-
gating the release of Pentamidine from the gelatin will be our pivotal
next step. Finally, although we did not detect significant failure strength
differences among our three groups, a lack of difference might be related
to the small sample size. The strength of pentamidine group showed a
trend of decreased healing, which indicated tendon healing might be
compromised by pentamidine treatment. Therefore, further investiga-
tion with a larger sample size and varied doses in a vivo model is needed
before considering clinical translation.

In summary, this study for the first time discovered and tested a
pharmaceutical antibiotic drug, pentaamine, for adhesion prevention
after flexor tendon repair. Our results demonstrated that a pentamidine
gelatin sheet effectively reduced adhesions and improve digit function
after flexor tendon repair using a novel turkey model. The qPCR, his-
tology, and immunohistochemistry further delineated the possible
mechanism that decreased adhesion formation of pentamidine might
have gone through regulating a Wnt signaling pathway. However, the
trend of decreased healing by pentamidine raises a caution for clinical
application, which needs further investigation.
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