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Keywords:
 Female pelvic floor dysfunction (FPFD) is a life-changing condition that severely affects women's physical and mental
health. Despite the effectiveness of current treatments for FPFD, there is a high rate of short-term recurrence. Here, we
introduced an injectable recombinant human collagen (rhCOL)-derived material with high cell adhesion activity to
achieve pelvic floor repair and extracellular matrix (ECM) assembly. In our study, rhCOL promoted human uterosacral
ligament fibroblast (HULF) adhesion, migration, and collagen I and III expression and regulated the metabolism of
HULFs in vitro. Subsequently, we established a rat model of FPFD. Then, rhCOL, including rhCOLI and rhCOLIII, was
perivaginally injected into FPFD rats, resulting in a significant increase in abdominal urine leak point pressure (LPP)
and maximum tensile strength compared to the FPFD model group. Better organization of the lamina propria and
muscularis in FPFD rats was observed after 14 days of rhCOL treatment. Meanwhile, the expression of collagen I, col-
lagen III, and TIMP1was upregulated, andMMP2was downregulated. Furthermore, rhCOL promotedHULF adhesion,
migration, and ECM synthesis by upregulating the focal adhesion kinase (FAK)/RhoA/ROCK signalling pathway
in vitro and in vivo. These findings suggest that the perivaginal injection of rhCOL is a promising treatment for FPFD
with potential for future clinical use.
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1. Introduction

Female pelvic floor dysfunction (FPFD) is a group of gynaecologic disor-
ders that often manifest as pelvic floor organ prolapse (POP) and stress uri-
nary incontinence (SUI) [1]. According to previous reports, 11%–35.5% of
women suffer from FPFD worldwide [2,3]. Although numerous clinical
studies have revealed that age, pregnancy, childbirth, declining oestrogen
levels, constipation, and obesity are all causative factors for FPFD [4–6],
the pathogenic mechanisms of FPFD have not been fully elucidated. Sur-
gery is the primary treatment for patients with FPFD. Depending on the se-
verity of the disease, patients may undergo urethral suspension, soft tissue
repair, or hysterectomy, but nearly 30% of patients will experience recur-
rence after surgery [7]. In recent years, synthetic biological mesh, as well
as collagen urethral bulking agents, have been developed and applied for
FPFDpatients, which led to improvements in long-term recovery. However,
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these biomaterials have limitations and pose more challenges due to their
side effects, including chronic erosion of the surgical site, persistent pain,
and acute allergic reactions [8,9]. There is an urgent need to find new ther-
apies to enhance the repair and regeneration of damaged tissues in FPFD.

The fascia, ligaments, and muscles of the pelvic floor form a complex
pelvic floor support system to support the pelvic organs. The extracellular
matrix (ECM) is the main component of ligaments, fascia, and the vaginal
wall; the ECM is a complex mixture of long-chain proteins, including colla-
gen, elastin, and proteoglycans [10]. It is maintained by fibroblasts through
the secretion of proteases and growth factors, whichmodulate the synthesis
and breakdown of structural fibres. Previous studies [11,12] have revealed
that the pathogenesis of FPFD is closely related to ECMmetabolism and re-
modelling. The limited endogenous ability tomodify the ECM is the critical
factor that inhibits repair and regeneration [13]. Collagen, as a major com-
ponent of the ECM of pelvic floor supporting tissues, maintains the elastic-
ity and toughness of pelvic floor connective tissues [14]. The content of
type I and type III collagenwas reduced in FPFD. In addition, thematrixme-
talloproteinases (MMPs) associatedwith collagen degradationwere overex-
pressed, and the expression levels of tissue inhibitors of metalloproteinases
(TIMPs) were downregulated [14,15]. Therefore, maintaining collagen
metabolic homeostasis may be a necessary treatment for FPFD.
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Type I collagen and Type III collagen are themajor structural components
of the ECM of skin, cardiac, and vascular tissues; type I collagen has tensile
resistance and supports tissues, and type III collagen maintains the elastic
properties of tissues [16]. Type I collagen and Type III collagen bind to colla-
gen receptors and performmultiple biological functions. They not only play a
supportive role in cell adhesion, differentiation, and migration [17,18] but
also promote ECM synthesis and M2 macrophage polarization as well as an-
giogenesis and platelet aggregation [19]. Due to its low immunogenicity,
good biocompatibility, and biodegradability, collagen has been developed
as a biomaterial and iswidely used for cartilage regeneration, wound healing,
and the repair of damaged tissues and dysfunctional organs in humans [20,
21]. However, there are still some problems and more challenges that limit
the clinical translation, such as the animal origin, toxicity of chemical cross-
linking agents and a challenging problematic and expensive purification pro-
cess of collagen from animal tissues [22]. Recombinant human collagen
(rhCOL) thus represents a desirable alternative because it is safer, potentially
less expensive and has higher solubility and absorbability than native colla-
gen [23,24]. A recent study showed that recombinant protein T16 (rhCOLIII),
derived fromhuman type III collagen, has a stable triple-helical conformation
and exhibits potent cell adhesion. The intravaginal administration of rhCOLIII
repaired the vaginal epithelium and promoted ECM assembly [25]. Both
human collagen alpha-2 type I-derived peptides and human collagen alpha-
1 type I-derived peptides stimulate collagen synthesis, wound healing, and
elastin production in normal human dermal fibroblasts [26]. rhCOLI and
rhCOLIII have also been shown to be an excellent ECM for damaged corneal
and cardiac recovery [19].

Here, instead of using animal-derived collagens, we synthesized inject-
able recombinant proteins derived from human type I collagen and human
type III collagen to provide an effective treatment for FPFD. rhCOL with
high cell adhesion ability, the promotion of ECM remodelling and im-
proved pelvic floor function in a model of pelvic floor dysfunction rats. In
an in vitro study, we observed functional improvement in response to
rhCOL treatment in human uterosacral ligament fibroblasts (HULFs), possi-
bly by promoting cell adhesion, migration, and ECM synthesis by activating
the focal adhesion kinase (FAK)/RhoA/ROCK signalling pathway.

2. Materials and methods

2.1. Preparation of the rhCOL

rhCOLI was derived from the Gly932-Ser991 fragment of human type I
collagen α1 chains, and rhCOLIII was derived from the Gly483-Pro512
fragment of human type III collagen α1 chains. Clinical-grade rhCOL was
acquired from Shanxi Jinbo Bio-Pharmaceutical CO., Ltd., and it was pro-
duced in a laboratory under goodmanufacturing practice (GMP) ofmedical
products conditions. Briefly, the preparation of rhCOLI and rhCOLIII was
performed as follows. rhCOLI consists of 4 tandem repeats of the triple-
helix fragment of hCOL1α1, Gly932-Ser991. rhCOLIII consists of 16 tan-
dem repeats of the triple-helix fragment of hCOLIIIα3, Gly483-Pro512. Re-
combinant expression vectors containing rhCOLI and rhCOLIII genes were
transformed into competent E. coli (BL21 (DE3)). After induction with
isopropylthio-β-galactoside, the expressed proteins were purified with
nickel-chelate chromatography and anion-exchange chromatography.

2.2. Patient selection, tissue processing, and cell culture

The retrieval of biopsies from patients was reviewed and approved by
the Ethics Committee of The Second Affiliated Hospital of Chongqing Med-
ical University. All patients provided written informed consent. Patients
were eligible for inclusion in the FPFD group if they had evidence of severe
pelvic organ prolapse (POP-Q stage III-IV) with stress urinary incontinence.
Exclusion criteria included a history of connective tissue disease, endome-
triosis, acute or chronic pelvic inflammatory disease, malignant tumour,
pelvic surgery, chronic debilitating disease, and oral oestrogen within 3
months. Surgical specimens of approximately 0.5 cm were taken from the
uterosacral ligament. Freshly isolated tissues were immediately placed in
2

Dulbecco's modified Eagle's medium (DMEM, Gibco, UK) containing 15%
fetal bovine serum (FBS, PAN, Germany). Within 2 h, cells were isolated
and cultured as described previously [27]. Cells were grown in DMEM sup-
plemented with 15% FBS and 1% streptomycin/penicillin solution and in-
cubated at 37 °C, 95% humidity, and 5% CO2. All experiments were
performed with fibroblasts from early passages (3–5).

2.3. Cell adhesion

Before cell culture, lyophilized rhCOLI, rhCOLIII and hydrolysate of bo-
vine collagen I (bvCOLI, Solarbio, China) were diluted with PBS to the
predetermined concentrations (25 μg/ml), used to coat 96-well culture
plates and allowed to incubate in an incubator at 37 °C for 2 h. Then, the
solutionwas gently removed, plateswere blockedwith 5%bovine serumal-
bumin (BSA) in an incubator at 37 °C for 1 h. HULFs (1 × 105 cells/well)
were added to the well and incubated for 1 h at 37 °C, followed by washing
four times with PBS. Relative cell adhesion rates were measured by using a
Cell Counting Kit (CCK-8, MCE, US) on a microplate reader (Thermo
Scientific™ Varioskan™ LUX, US). For inhibitor experiments, cells were
plated on substrates of interest in the presence of one of the following re-
agents: PF573228 (20 mM, MCE, US) and C3 transferase protein (3 μg/ml,
Cytoskeleton, US). Inhibitors remained in the media during the experiment.

2.4. Cytotoxicity assay

HULFswere seeded into a 96-well culture plate (3×103 cells/well). Ly-
ophilized rhCOLI, rhCOLIII, and bvCOLIwere dissolved inDMEM, and each
solution was added to a cell suspension at a final concentration of 5 mg/ml.
Cell viability was measured and analysed after 48 h by using a Cell
Counting Kit-8.

2.5. Scratch assay

HULFs (5× 105 cells/well) were seeded into coated 6-well plates over-
night, completely covered the culture plate. A perpendicular scratch was
made in the cells on the culture plate using a 1000 μl pipette tip, and the
scratched cells were removed with 3 washes with PBS. Medium containing
0.2% FBSwas added. Cells were photographed at 0 and 24 h by an inverted
microscope (Nikon Eclipse Ts2F, Japan).

2.6. Scanning electron microscopy (SEM)

For SEM, cells (1 × 105/well) were cultured in a coated 6-well plate for
12 h. After washing three times with PBS, the electron microscope solution
was fixed at room temperature for 2 h and stored at 4 °C, and then ethanol
gradient dehydration was performed to prevent cell deformation. The critical
point drying method was used to dry the sample for 2 h. After gold plating
and vacuum coating, cells were observed by SEM (Hitachi, S-3000 N, Japan).

2.7. Western blot assay

Cells were lysed in RIPA buffer (Beyotime, China)with 1%protease and
1% phosphatase inhibitors (Beyotime, China). The total protein concentra-
tion in cell supernatants was measured by a bicinchoninic acid (BCA) pro-
tein assay kit (Beyotime, China), then equal amounts of proteins were
separatedwith 10% sodiumdodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE). Proteins were transferred onto 0.45-mm PVDF mem-
branes (Millipore, US), and membranes were blocked with 5% BSA
solution for 1.5 h at room temperature. Membranes were incubated with
a primary rabbit anti-Collagen I (1:1000, ab260043, Abcam, US), anti-
Collagen III (1:1000, ab184993, Abcam, US), anti-Vinculin (1:1000,
ab129002, Abcam, US), anti-FAK (1:1000, CST, US), anti-phosphorylated
FAK (pFAK (Tyr397), 1:1000, CST, US), anti-pFAK (Try576/577)
(1:1000, CST, US), anti-FAK (Try925) (1:1000, CST, US), anti-RhoA
(1:500, ab187027, Abcam, US), and anti-ROCK (1:1000, ab45171,
Abcam, US) antibodies at 4 °C, overnight with GAPDH (1: 4000, 0494–1-
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AP, Proteintech, China) as the loading control. Membranes were incubated
with a secondary goat anti-rabbit IgG antibody (bs-40295G-HRP, Bioss,
China) for 0.5 h at room temperature. Finally, the membrane signals were
visualized by enhanced chemiluminescence (BeyoECL, Beyotime, China)
and exposed with a ChemiDoc XRS system (Bio-Rad, US). The image data
were analysed by NIH ImageJ software (version 1.53a).

2.8. Immunofluorescence and confocal microscopy observation

After 12 h of culture, cells were washed three times with PBS before
being fixed with 4% paraformaldehyde at room temperature for 10 min,
permeabilized with 0.1% Triton X-100 in PBS for 10 min, blocked with
5% BSA at room temperature for 1 h, and incubated with the primary anti-
bodies anti-vinculin (1:200, ab129002, Abcam, US) and anti-phalloidin
(1:200, G104, Servicebio, China) overnight at 4 °C. The secondary antibody
was added and incubated at 4 °C for 1 h in darknass. Nucleic acid staining
was also performed by adding DAPI solution (Beyotime, China) for 5 min
in darkness. Cells were observed by confocal laser scanning microscopy
(Nikon Eclipse Ti, Japan).

2.9. Co-immunoprecipitation

A total of 50 μl Protein A/G magnetic beads were added to 400 μl pFAK
(Tyr397) (1:50) antibody solution and were rotated for 30 min at room tem-
perature. The sample containing the antigen beads was collected against the
side of the tube on magnetic-activated cell sorting (MACS) Separators
(Miltenyi, Germany). Then, cell supernatant containing an anti-vinculin
(1:50) antibody was added and incubated with rotation for 30 min at
room temperature, allowing vinculin to bind to the Protein A/G mag-
netic beads-pFAK (Tyr397) complex. The beads were separated and
mixed with loading buffer. After being heated at 95 °C for 5 min, the
beads were separated again, and the final supernatant was analysed
with SDS-PAGE.

2.10. RhoA activation assay

Rho activation was measured using an Active Rho detection kit (Cy-
toskeleton, US) following the manufacturer's instructions. Briefly,
equal amounts of protein from lysates (500 μg total cell protein) were
incubated with rhotekin-RBD beads at 4 °C for 1 h on a rocker. The
rhotekin-RBD beads were pellet by MACS separators. After the super-
natant was removed, the magnetic beads were washed with wash
buffer twice. A total of 10 μl of 5× loading buffer (Beyotime, China)
was added, the bead sample was boiled for 5 min. Finally, the samples
were separated by SDS-PAGE and detected by western blot analysis
using a specific anti-RhoA antibody.

2.11. Metabolite extraction and analysis

Cells (1 × 106/dish) were cultured in a coated 10 cm dish that
contained a complete medium (DMEM supplemented with 15% FBS, 1%
streptomycin/penicillin) for 72 h, and 1 ml of cell culture was taken from
each culture dish. After the medium was centrifuged at 13000 rpm at 4 °C
for 15 min, the supernatants were isolated, and 20 μl of internal standard
(2,3,3,3-d4-alanine, 10 mM, Thermo, US) was added. The blank control
medium for each experimental group was treated the same way without
any cell components. Isolated supernatants were concentrated by using a
SpeedVac (Labconco B, US) for 4 h followed by resuspension in 200 ml of
sodium hydroxide (1 M) and methyl chloroformate (MCF) derivatization
based on a previous protocol [28]. The derivatives of the MCF metabolites
were analysed using a GC7890B system (Agilent, US) coupled to an
MSDD5977A mass spectrometer (Agilent, US) with an electron beam en-
ergy of 70 eV. A ZB-1701 GC capillary column was used to incorporate
the gas chromatography (GC) column incorporated in the GC oven was
an A30 m× 250 μm id×0.15 mmwith 5 m guard column, Phenomenex),
and the GC oven settings and mass spectrometry parameters were
3

implemented according to Smart et al. [28]. The Automated Mass Spectral
Deconvolution and Identification System (AMDIS) achieved chromatogram
deconvolution and compound identification in conjunction with an in-
house MCF-derivatised mass spectrum library and commercially available
National Institute of Standards and Technology (NIST) mass spectrum li-
brary (http://www.nist.gov/srd/nist1a.cfm) [29]. The relative abundances
of identified metabolites were extracted using an automated an XCMS-R
script. Principal component analysis (PCA), heat maps, andmetabolic path-
way analysis were performed on the website MetaboAnalyst5.0 (https://
www.metaboanalyst.ca/) [30].

2.12. Animal experiments

2.12.1. FPFD model establishment
All animal studies were approved by the Ethics Committee of Chongqing

Medical University. Sixty-five female Sprague-Dawley rats (2 months old)
with an averageweight of 220–260 gwere provided by the Experimental An-
imal Center of ChongqingMedical University. Rats were fed and received tap
water in an environment with a temperature of 22 ± 2 °C, humidity of
50–60%, and a 12-h light/dark cycle. The rats were anaesthetized by intra-
peritoneal injection of urethane (1.2 g/kg), and bilateral ovaries were ex-
cised. Then, the bladder was emptied by catheterization, the F12 catheter
with the tip removed was inserted into the vagina of rats (2–3 cm). After
the balloon was filled with 3 ml of saline, the rat was placed in a supine po-
sition on the edge of a table, and the foley catheter was allowed to hang with
0.15 kg weight attached to its free-hanging end. After 4 h, the catheter was
removed, followed by the administration of 80,000 U penicillin sodium by
a single intramuscular injection. To be characterized as having multiple
birth injuries, rats were subjected to vaginal balloon dilatation once again
after 2 weeks. Then, the presence of FPFD was confirmed after 4 weeks by
urodynamic tests and biomechanical tests.

2.12.2. Perivaginal injection and urodynamic test
The control group received a sham operation. After establishing the FPFD

rat model, the PBS (0.01 M), rhCOLI (5 mg/ml), rhCOLIII (5 mg/ml), and
bvCOLI (5 mg/ml) were prepared, a total of 200 μl of solution (PBS, rhCOLI,
rhCOLIII, and bvCOLI) was injected into the entire vaginal mucosal layer
from the vaginal opening to the cervix under direct visualization in the four
directions (the three o'clock, six o'clock, nine o'clock, and twelve o'clock di-
rections). Two weeks after the injection, urodynamic function was evaluated
by measuring the maximum bladder volume (MBV) and leak point pressure
(LPP) according to a previously reported method [31]. Briefly, 2 days before
the test, a PE-50 catheter was inserted into the bladder of FPFD rats. The rats
were anaesthetized by the intraperitoneal injection of urethane (1.2 g/kg).
After the bladder was emptied, a manometry catheter was connected to a
pressure transducer (YPJ01, Chengdu Instrument Factory, China). The perfu-
sion tube was connected to a microinjection pump, which continuously
injected saline into the bladder (12 ml/h), and during this process, the wave-
form graph was recorded. When the bladder volume reached half of the total
volume, the rat's abdomenwas gently pressed with one finger to increase the
bladder pressure until the first drop of saline appeared at the urethral open-
ing. At this point, the finger was quickly removed, and the peak pressure
was recorded. The bladder was emptied and refilled, and the procedure
was repeated three times in each rat.

2.12.3. Biomechanical testing
After sacrifice, the vaginal soft tissues were carefully separated and

continually moistened with 0.9% sodium chloride and manipulated
over an ice bath to prevent tissue breakdown. The distal 5 mm of the va-
gina and cervix was placed inside a tissue clamp along the longitudinal
axis. Specimens were preloaded to 0.1 N, followed by 10 cycles of pre-
conditioning at a distension rate of 10 mm/min between 0 and 2 mm
by and ElectroForce 5500 (Bose, Germany). Then, under the same pa-
rameters, the vaginal tissue was uniaxially stretched to rupture, and
the force at maximum loading (N) and distension distance of the frac-
ture were recorded.

http://www.nist.gov/srd/nist1a.cfm
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2.12.4. Immunohistochemistry
After measuring the MBV and LPP, the entire length of the vagina was

removed from the rats. Tissues were fixed in 4% paraformaldehyde, em-
bedded in paraffin, and cut into 0.5-μm thick sections along the transverse
axis. For histological observation, haematoxylin–eosin (HE) and masson's
trichrome (MT) staining were carried out [25]. For immunohistochemis-
try, the paraffin sections were dried at 60 °C for 2 h and further deparaf-
finized by xylene. After dehydration with gradient alcohol, the sections
were kept in boiling water for 15 min for antigen retrieval, followed by in-
cubation with 3% H2O2 at 37 °C for 10 min. Sections were blocked with
5% goat serum at 37 °C for another 15 min. Primary anti-Collagen I
Fig. 1. rhCOL has specific repeating structures with excellent biological functions. (A) T
hCOL1α1 932–991 segment and hCOL3α1 483–512 segment fromHomo sapiens, Rattus n
cytotoxicity was detected by a CCK-8 assay after 48 h of treatment with rhCOLI, rhCO
adhesion assay after coating with rhCOLI, rhCOLIII, and bvCOLI at 25 μg/ml. (F) The
rhCOLI, rhCOLIII, and bvCOLI at 25 μg/ml (*P < 0.05, **P < 0.01).
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(1:300, 14,695–1-AP, Proteintech, China), anti-Collagen III (1:250,
22,734–1-AP, Proteintech, China), anti-MMP2 (1:250, 10,373–2-AP,
Proteintech, China), anti-TIMP1 (1:250, 16,644–1-AP, Proteintech,
China), anti-pFAK (Tyr397) (1:200, bs-3159R, Bioss, China), and anti-
ROCK (1:250, ab45171, Abcam, US) antibodies were added to the sections
and incubated at 4 °C overnight. After rewarming, the sections were
stained with the secondary antibody at 37 °C °C for 15 min. Finally,
3,3′-diaminobenzidine (DAB) staining was performed, at least three ran-
dom fields of view were selected from each slice to be photographed,
and the images were acquired by a Nikon instrument and analysed by
ImageJ software.
he localization and composition of rhCOL. (B) Sequence homology alignment of the
orvegicus,Mus musculus, and Bos taurus. (C) Themolecular weight of rhCOL. (D) Cell
LIII, and bvCOLI at 5 mg/ml. (E) The cell adhesion ability was detected by a cell
cell migration ability was measured by scratch assay after 24 h of treatment with



H. Li et al. Biomaterials Advances xxx (xxxx) xxx
2.12.5. Quantitative RT-PCR analysis
Total RNA from vaginal tissues was isolated by using TRIzol reagent

(Ambion, US), and 1 μg RNA was used for a reverse transcription reaction
with PrimeScript RT Master Mix (Takara, Japan) to create complementary
DNA(cDNA) following themanufacturer's instructions. Thefluorescence quan-
tification of polymerase chain reactions was performed with SYBR Premix Ex
Taq II (Takara). The reaction conditions were 95 °C for 30 s, 95 °C for 5 s,
and 60 °C for 30 s, which were repeated for 40 cycles. The tissues were from
three independent experiments, and GAPDH was used as a housekeeping
gene to normalize the gene expression. The relative quantification was per-
formed to calculate the 2−△△CT value. The primers are listed in Table S1.

2.13. Statistical analysis

The experimental data in each group were from at least three different
patients or rats. Each patient or rat was considered as one repetition.
GraphPad Prism 8.4.0 (GraphPad Software Inc., US) software was used
for data analysis. All experimental values were presented as the mean ±
standard deviation. One-way analysis of variance (ANOVA) followed by
Tukey's multiple comparisons test was used. A significant difference was
defined as P < 0.05. (*P < 0.05, **P < 0.01).
Fig. 2. rhCOL increases cell-spreading area and stimulates collagen synthesis in vitro. (A
12 h of treatment with rhCOLI, rhCOLIII, and bvCOLI (scale bar = 100 μm). (B) The dis
rhCOLI, rhCOLIII, and bvCOLI (scale bar = 10 μm). (C) The expression of collagen I and
and bvCOLI. (D) The relative mRNA expression of Collagen I and Collagen III was detecte
**P < 0.01).
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3. Results

3.1. rhCOL has a specific repeating structure with excellent biological function

hCOLIα1 is composed of 1464 amino acids, and hCOLIIIα1 is composed
of 1466 amino acids. However, the structures and functions of the
hCOL1α1 932–991 segment and hCOL3α1 483–512 segment have not yet
been elucidated, so in previous studies, we resolved their core crystal struc-
tures and deposited them in the Protein Data Bank (PDB entries: 6A0A,
6A0C, and 7CWk). Furthermore, we synthesized rhCOLI which consists of
4 tandem repeats of hCOL1α1 932–991 segment and rhCOLIII which con-
sists of 16 tandem repeats of hCOL3α1 483–512 segment (Fig. 1A); both
rhCOLI and rhCOLIII (rhCOL) have a triple-helix structure composed of a
leading strand, a middle strand, and a trailing strand. rhCOLI had Gly-
Glu-Arg, Gly-Phe-Pro, and Gly-Lys-Glu triple-helix peptide structures, and
rhCOLIII had Gly-Lys-Glu and Gly-Glu-Arg triple-helix peptide structures.
These small triple-helix peptide structures had relatively high adhesion
and biological activity in previous studies [32]. Thus, the tandem repeated
rhCOLI and rhCOLIII proteins may bind tomany cell membrane proteins. In
SDS-PAGE, rhCOLI was approximately 25 kDa, and rhCOLIII was approxi-
mately 50 kDa (Fig. 1C). Both rhCOLI and rhCOLIII had a high purity level.
) Morphological observation and cell-spreading area under a light microscope after
tribution of rhCOL and filopodia was examined by SEM after 12 h of treatment with
III was detected by western blotting after 72 h of treatment with rhCOLI, rhCOLIII,
d by RT-PCR after 72 h of treatment with rhCOLI, rhCOLIII, and bvCOLI (*P < 0.05,
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Nontoxicity is an important parameter to examine when determining
whether biomaterials can be used in humans. To determine the cytotoxicity
of rhCOL and animal collagen, HULFswere successfully isolated from six pa-
tients with severe pelvic floor dysfunction (Fig. S1C), and we performed a
CCK-8 assay. No significant cytotoxicity was found for rhCOL at concentra-
tions as high as 5 mg/ml. Surprisingly, the rhCOLI group, not the bvCOLI
group, had a weak cell proliferation-promoting effect compared to the
FPFD and bvCOLI groups (Fig. 1D). Cell adhesion activity is an important bi-
ological function of collagen proteins. bvCOLI is a soluble hydrolysate of bo-
vine collagen I, which can be dissolved in a 10 mg/ml aqueous solution at
most (Fig. S1A, S1B). Hydrolysate of bovine collagen I containsmany bioac-
tive peptides and is easily soluble in water. These hydrolysate peptides have
been shown to have the same cell-adhesive activity as full-length bovine col-
lagen I [33]. An adhesion assay showed cell adhesion was higher in the
rhCOL group than the FPFD group, and rhCOLI had the most potent effect.
The rhCOLIII and bvCOLI groups showed similar cell adhesion abilities
(Fig. 1E). Compared with cells treated with 0.2% FBS, the migration ability
of HULFs treated with rhCOL was significantly enhanced (Fig. 1F). In addi-
tion, rhCOL also promoted adhesion, migration, and extracellular matrix
synthesis of wild-type HULFs isolated from non-FPFD donors (Fig. S1GI).
Thus, rhCOL, which has significant collagen properties, is expected to be
safe for use as a collagen-derived biomaterial in clinical applications.

To verify the function of rhCOL, an ideal animalmodel is needed, which
requires a high degree of homology between rhCOL and animal collagen.
The ideal animal model could be used to reduce immunogenicity and
exert biological effects. When we compared the corresponding amino acid
sequence of the rhCOL proteins among humans and other mammals, we
found that hCOL1α1 932–991 segment was 98.3% homologous with rat
Fig. 3. rhCOL promotes focal adhesion formation and activates the RhoA/ROCK sign
F-actin staining in HULFs after culture with rhCOLI, rhCOLIII, and bvCOLI for 12 h (
577), pFAK (Tyr925), and vinculin in HULFs after 12 h of culture with rhCOLI, rhC
determined by co-immunoprecipitation after 12 h of culture with rhCOLI. (D) The e
rhCOLIII, and bvCOLI (*P < 0.05, **P < 0.01).
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and Bos taurus, which was higher than mouse (96.7%). hCOL3α1
483–512 segment was 93.3% homologous to that of the rat, which was
higher than that of the mouse (86.7%) and Bos taurus (80%), so the rat
was an ideal animal model (Fig. 1B).

3.2. rhCOL increased cell-spreading area and stimulated collagen synthesis
in vitro

After HULFs were treated with rhCOLI, rhCOLIII, and bvCOLI for 12 h,
the cell-spreading area of all treatment groups showed a significant in-
crease, among which the rhCOLI group showed the most marked increase
compared with the FPFD group, while the rhCOLIII and bvCOLI groups
showed similar cell-spreading areas (Fig. 2A). The local distribution of
rhCOL and the filopodia distribution in HULFs were further examined by
SEM. Collagen was evenly distributed over the culture dish and appeared
finely granular. The distribution of fibroblast pseudopods was dense and in-
creased in the rhCOLI group compared to the FPFD group, while the num-
ber of fibroblast pseudopods was also greater in the rhCOLI group than in
the rhCOLIII and bvCOLI groups (Fig. 2B). Although the number of fibro-
blast pseudopods in the rhCOLIII group increased compared to that in the
FPFD group, the number of fibroblast pseudopods was similar to that in
the bvCOLI group. To assess the effect of rhCOL on ECM metabolism, we
performed western blot assays and RT-PCR. The results showed that
rhCOL promoted collagen I and collagen III expression in HULFs, while col-
lagen I expressionwasmore significantly different in the rhCOLI group than
in the rhCOLIII group (Fig. 2C, D). In addition, RT-PCR results also sug-
gested that rhCOL increased the expression of MMP2 and TIMP1, but
there was no statistical difference (Fig. S1E).
alling pathway. (A) Representative immunofluorescence images for vinculin and
scale bar = 20 μm). (B) The expression of FAK, pFAK (Tyr397), pFAK (Tyr576/
OLIII, and bvCOLI. (C) pFAK (Tyr397) and vinculin interaction in HULFs was
xpression of ROCK and RhoA-GTP in HULFs after 12 h of culture with rhCOLI,
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3.3. rhCOL promotes focal adhesion formation and activates the RhoA/ROCK
signalling pathway

Cell adhesion is closely associated with focal adhesion structure forma-
tion. Vinculin is a crucial local adhesion protein. To investigate whether
rhCOL promoted adhesion plaque formation, we performed immunofluo-
rescence staining for F-actin and vinculin. Vinculin was mainly distributed
around the cytoskeleton, and the vinculin and extension range of F-actin
were significantly increased after treatment with rhCOL (Fig. 3A). Vinculin
binds to pFAK to form adhesion plaques that mediate cell adhesion. We fur-
ther analysed the phosphorylation of FAK at different phosphorylation
Fig. 4. Inhibition of the expression of pFAK (Tyr397) and RhoA-GTP attenuated cell a
migration rate for PF573228 and C3 treatment after culture with rhCOLI or rhCOLIII.
after culture with rhCOLI and rhCOLIII for 72 h. (E) Representative images of F-actin s
12 h (scale bar = 20 μm). (F) Representative immunofluorescence images for vinculin
for 12 h (scale bar = 20 μm). (G) The expression of FAK, pFAK (Tyr397), vinculin, R
rhCOLIII. (H) The expression of RhoA-GTP and ROCK for C3 treatment after 12 h of cul
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sites. Significant FAK phosphorylation at Tyr397 was observed after
treatment with rhCOL (Fig. 3B). To clarify the direct interaction be-
tween pFAK (Tyr397)and vinculin, co-immunoprecipitation experi-
ments were performed and suggested that FAK and vinculin directly
interact (Fig. 3C), FAK at Tyr397, which is the structural protein in
the molecular clutch and can only be activated at Tyr397 under contrac-
tion, reflecting the intracellular tension as well as the activation of
mechanotransduction [34]. Thus, we investigated the classical RhoA/
ROCK signalling pathway that mediates intracellular mechanotransduction.
Both RhoA-GTP and ROCK were significantly upregulated after treatment
with rhCOL (Fig. 3D).
dhesion and migration. (A) Cell adhesion ability, (B) spreading area, and (C) cell
(D) The expression of collagen I and III in HULFs for PF573228 and C3 treatment
taining for PF573228 and C3 treatment after culture with rhCOLI and rhCOLIII for
staining in HULFs for PF573228 treatment after culture with rhCOLI or rhCOLIII
hoA-GTP, or ROCK in PF57322 cells treated after 12 h of culture with rhCOLI or
ture with rhCOLI and rhCOLIII. (*P < 0.05, **P < 0.01).
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3.4. Inhibition of the expression of pFAK (Tyr397), RhoA-GTP attenuated cell
adhesion and migration

When HULFs were treated with rhCOL and a pFAK (Tyr397) inhibitor
(PF573228) for 12 h, a significant decrease in the cell adhesion capacity
(Fig. 4A), cell-spreading area (Fig. 4B), cell migration rate (Fig. 4C) and ex-
pression of collagen I and III (Fig. 4D) was observed. Decreases in the cell
adhesion capacity (Fig. 4A), cell-spreading area (Fig. 4B), cell migration
rate (Fig. 4C), and expression of collagen I and III (Fig. 4D) were also
observed in all groups treated with a RhoA-GTP inhibitor (C3 transferase).
In addition, PF573228 suppressed the formation of stress fibre (Fig. 4E), ex-
pression of vinculin (Fig. 4F, G), RhoA-GTP (Fig. 4H), and ROCK (Fig. 4H),
Fig. 5. rhCOL modulates uterosacral ligament fibroblast metabolism after 72 h of trea
heatmap of the differential metabolites. (C) Enrichment analysis and KEGG pathw
(D) Enrichment analysis and KEGG pathway analysis of differential metabolites be
branched-chain amino acids (BCAAs), and antioxidants in all groups (*P < 0.05, **P <
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while C3 transferase downregulated the expression of RhoA-GTP and
ROCK (Fig. 4H).

3.5. rhCOL modulates uterosacral ligament fibroblast metabolism

After HULFs were treated with rhCOLI or rhCOLIII for 72 h, metabolite
profiles in the culture medium were detected. The PCA score plot (Fig. 5A)
of the culture medium metabolite profiles revealed a clear separation be-
tween the rhCOLI group and FPFD group, as well as a distinct disparity be-
tween the rhCOLIII group and the FPFD group. To exclude the effect of
rhCOL coating in the medium on metabolite production, we also analysed
metabolites in the control medium without HULFs. The results showed no
tment. (A) The PCA score plot of the culture medium metabolite profiles. (B) The
ay analysis of differential metabolites between the FPFD and rhCOLI groups.
tween the FPFD group and rhCOLIII group. (E) Relative expression of proline,
0.01).
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differences in metabolites in the control medium (Fig. S1F). A total of 130
metabolites were detected in all groups. Twenty-nine of the extracellular
metabolites, including amino acids, antioxidants, saturated fatty acids,
and tricarboxylic acid (TCA) cycle intermediates, were significantly differ-
ent between the rhCOLI and FPFD groups (Fig. 5B). Increased secretion of
metabolites, including four amino acids, one antioxidant, three saturated
fatty acids, and three TCA cycle intermediates, was observed in themedium
treated with rhCOLI. In the rhCOLI group, the secretion of proline, threo-
nine, leucine, isoleucine, and 2-oxybutyrate was significantly increased,
and the absorption of valine tended to decrease compared with that in
the FPFD group (Fig. 5E). On the other hand, 54 of the extracellular metab-
olites were significantly different between the rhCOLIII and FPFD groups
(Fig. 5B). Significantly increased secretion of proline and threonine was
also observed in the medium treated with rhCOLIII (Fig. 5E). However,
most significant extracellular metabolites were absorbed from the culture
medium rather than secreted when HULFs were treated with rhCOLIII
(Fig. 5B). Differential metabolites were subjected to enrichment analysis
and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.
The arginine and proline metabolism pathway, glutathione metabolism
pathway, and valine, leucine and isoleucine biosynthesis pathways were
upregulated compared with those of the rhCOLI and FPFD groups
(Fig. 5C). At the same time, the valine, leucine and isoleucine biosynthesis
Fig. 6. rhCOL improved the histological features of FPFD rats. (A) Graphical flow of the
obtained by urodynamic evaluations in each group. (D) Tensile fracture distance an
(E) Masson's staining and H&E staining of the vagina in each group. (F) Masson's staini
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pathways were also upregulated compared with those of the rhCOLIII and
FPFD groups (Fig. 5D). In addition, we also cultured WT HULFs isolated
from 3 non-FPFD donors. rhCOL treated HULFs from FPFD patients were
better metabolized than WT HULFs, especially rhCOLI. We observed in-
creased secretion of metabolites such as proline, i-isoleucine, threonine,
and 2-oxobutyric acid in the rhCOL group.

3.6. rhCOL improved the histological features of FPFD rats

To assess the therapeutic potential of rhCOL, we randomized FPFD rats
to receive a perivaginal injection of PBS, rhCOLI, rhCOLIII, and bvCOLI.
Fourteen days after treatment, urodynamic examinations were conducted.
For urodynamic examinations, the MBV and LPP were critical indicators
for evaluating the prevalence pelvic floor dysfunction in women, and
both the MBV and LPP mean values decreased in the model group com-
pared to the control group (Fig. 6B, C), indicating the successful generation
of the animal model. The rats in the rhCOL group showed significantly
higher values than those in the FPFD group. In contrast, no significant dif-
ferences were detected between the rhCOL and control groups, thus dem-
onstrating that urethral sphincter continence was restored following
rhCOL injection. On the other hand, although the mean MBV and LPP
values of the bvCOLI group were elevated compared with those of the
animal experiments. (B) Maximum bladder capacity of rats in each group. (C) LPP
d maximum tensile strength obtained by biomechanical analysis in each group.
ng for the urethra in each group (scale bar = 100 μm) (*P < 0.05, **P < 0.01).
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FPFD group, there was no significant difference. Comparing the biome-
chanical properties of the control group and FPFD group revealed signifi-
cantly inferior results in the latter group, with a 67% decrease in the
maximum tensile strength (Fig. 6D). After treatment with rhCOL and
bvCOLI, the vaginal tensile capacity of ratswas significantly enhanced com-
pared to that of the FPFD group, and the recovery effect was more pro-
nounced in rats treated with rhCOLI. In contrast, the biomechanical
performance results of rats treated with rhCOL III were similar to those of
rats treated with bvCOLI.

According to the H&E staining results (Fig. 6E), the vaginal epithelial
tissues of rats in the control group were covered by a thick layer of squa-
mous epithelial cells. The connective tissue of the lamina propria in the con-
trol group was rich in blood vessels and muscles. In contrast, the rats in the
FPFD group had a thinner vaginal epithelial layer and fewer blood vessels
than the control group. The muscularis in the FPFD group exhibited atro-
phy. After rhCOL and bvCOLI treatment, the number of blood vessels in
the vaginal mucosal layer and muscularis significantly increased compared
with that in themodel group. Nevertheless, the recovery was the best in the
rhCOLI group. Later, we labelled rhCOL with biotin. rhCOL showed a dif-
fuse distribution around the vagina and persisted in the mucosal layer
andmuscularis for at least Fourteen days (Fig. S2B, S2C). To better visualize
the muscularis and collagen fibre distribution, we performed Masson stain-
ing on the sections, with blue representing collagen fibres and red repre-
senting smooth muscle (Fig. 6E). In the control group, the four layers of
the vagina were well-delineated in the control rats, the mucosal layer was
Fig. 7. rhCOL promoted collagen synthesis and activated the FAK/RhoA/ROCK signalli
staining of collagen I, collagen III, MMP2, and TIMP1 in the vaginal tissue of rats. (B) I
rats (scale bar = 100 μm) (*P < 0.05, **P < 0.01).
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rich in collagen fibrils with a well-ordered arrangement of collagen fibrils,
and the fibromuscular layer was visible with an orderly arrangement. How-
ever, in the FPFD group, the vagina showed a loss of structure, and the
fibromuscular layer was disrupted. Meanwhile, the collagen fibril content
was reduced, and the collagen fibrils were disorganized. After rhCOL and
bvCOLI treatment, the vagina was more structured, and the muscularis
was better organized than in the FPFD group. Among the treatment groups,
the recovery was the best in the rhCOLI group. The rats in the rhCOLIII and
bvCOLI groups had similar appearances.

To evaluate urethral sphincter regeneration, urethral specimens were
stained by MT. After the FPFD model was established, Masson staining
showed that the urethral smooth muscle near the vagina was absent in
the FPFD group of rats, the surrounding tissue structure was disrupted,
and the number of collagen fibres was reduced (Fig. 6F). After rhCOL treat-
ment, the smooth muscle of the urethra adjacent to the vagina was signifi-
cantly hyperplastic, and the surrounding connective tissue structure was
improved with increased collagen fibre content (Fig. 6F).

3.7. rhCOL promoted collagen synthesis and activated the FAK/RhoA/ROCK
signalling pathway in the vaginal mucosa of rats

The results of immunohistochemistry and RT-PCR showed that the ex-
pression of collagen I and III was significantly reduced in the FPFD group
compared with the control group, while the expression of the collagenase
MMP2 increased and the expression of TIMP1 decreased (Fig. 7A). These
ng pathway in the rat vagina after 14 days of treatment. (A) Immunohistochemical
mmunohistochemical staining of pFAK (Tyr397) and ROCK in the vaginal tissue of



H. Li et al. Biomaterials Advances xxx (xxxx) xxx
findings indicated that FPFD rats developed apparent abnormalities in ECM
metabolism and remodelling and that the metabolism of collagen protein
exceeded the synthesis of collagen. After rhCOL treatment, the expression
of collagen I and III was significantly increased, and the expression of
MMP2 was decreased compared with that in the FPFD group. rhCOLI also
promoted the expression of TIMP1 at the mRNA level (Fig. S2D). Overall,
rhCOL treatment promoted collagen synthesis and inhibited collagen deg-
radation, and rhCOLI had a more pronounced effect on collagen I synthesis
and collagen metabolism than rhCOLIII. The treatment effect of bvCOLI
was not significantly different compared with the FPFD group. To further
confirm that collagen exerts biological effects through the activation of
the FAK/RhoA/ROCK signalling pathway in vivo, we performed immuno-
histochemistry on rat vaginas. The results showed that rhCOL significantly
promoted the expression of pFAK (Tyr397) and ROCK compared to that in
the FPFD group (Fig. 7B).

4. Discussion

Multiple births and ageing are both contributing factors to the develop-
ment of pelvic floor dysfunction. Childbirth is accompanied by excessive
stretching and dilatation of the pelvic floor support structures, resulting in
acute mechanical injury, which is the most significant risk factor for devel-
oping pelvic floor dysfunction later in life [35]. Ageing and oestrogenwith-
drawal can cause degenerative changes in the supporting structures of the
pelvic floor, which in turn leads to a decrease in the mechanical resistance
of the pelvic floor muscles, ligaments, fascia, and other connective tissues
[36]. Therefore, we removed the bilateral ovaries of rats to simulate the
ageing and low oestrogen level characteristics of FPFD patients and simu-
lated the birth injury of FPFD patients by repeated vaginal dilatation and
prolonged stretching. In our study, 14 days after modelling, the LPP and
MBV of the model rats were significantly reduced, and the maximum me-
chanical stretch strength decreased, demonstrating the functional impair-
ment of urodynamics and biomechanical damage of the vagina among
the major organs of the rat pelvic floor. These injury-related changes
were consistent with the clinical features of FPFD.

We attempted to demonstrate the excellent efficacy of rhCOL treating
FPFD in the rat model. In our study, FPFD rats were treated with rhCOL,
the expression of collagen I and III increased, MMP2 expression was
inhibited, and TIMP1 expression increased, demonstrating that rhCOL ad-
justed the balance of ECM metabolism and remodelling. We also observed
similar changes in the expression of collagen I and III in vitro. On the
other hand, structural and functional alterations in FPFD rats allowed for
a more effective assessment of collagen efficacy. The lamina propria and
themuscularis are themain structures where the vagina and the urethra ex-
change substances and perform their functions [37], so this is the main rea-
son why we chose the lamina propria and the muscularis as the site for
rhCOL injection. rhCOL improved the urodynamic and biomechanical func-
tions of FPFD rats, improved the arrangement of myogenic fibres and colla-
gen structures in the lamina propria and muscle layer, increased collagen
fibre content, and repaired damaged muscle layers. These results suggest
that rhCOL may have promising efficacy in the treatment of FPFD.

The extracellular matrix of the pelvic floor tissue (vagina, ligaments) is
composed mainly of fibroblasts and a small number of myofibroblasts,
which are the main producers of collagen and necessary cells for connective
tissue formation. Fibroblasts isolated from the sacral ligaments or vagina of
patients with FPFD show the same reduced mechanical properties and im-
paired collagen metabolism as patients with FPFD [38–40]. Therefore,
many articles related to FPFD have used HULFs as key cells for in vitro exper-
iments [12,41,42]. Thus, we isolated fibroblasts from the uterosacral liga-
ment of FPFD patients successfully in vitro to further investigate the
biological effects of rhCOL on fibroblasts. We previously reported that
rhCOLIII had a strong adhesive effect on the vaginal epithelium, which
was associated with promoting recovery from vaginal atrophy. Potent cell
adhesion might be helpful for promoting the viability of vaginal fibroblasts
and smooth muscle cells, and it may strengthen the interaction between
cells and the ECM to regulate biological function [25]. Our results show
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that rhCOLI had a strong ability to promote cell adhesion, which was 2.3-
fold higher than that of the control group, while the ability of rhCOLIII
was 1.3-fold and that of bvCOLI was 1.2-fold higher than that of the control
group. Cell adhesive interactions were formed during the initial spreading,
which primes cell functions and final fate determination [43]. We observed
an increase in cell adhesion after recombinant collagen treatment accompa-
nied by an increase in the cell-spreading area and observed cytoskeletal rear-
rangements. This morphological change has been observed by many
researchers in recent years [44]. When collagen is recognized by cell mem-
brane surface receptors, adhesion sites rapidly assemble to form focal adhe-
sions, which act as local mechanoreceptors that transmit biomechanical
signals from the local adhesion of the ECM to the cell, forming the entire cy-
toskeleton [45]. FAK plays a hub role in focal adhesion formation, which is
reciprocally regulated by the ECM and cells or biomaterials through the
phosphorylation of FAK [46]. Activated integrin β1 provides mechanical
forces for the polymerization and organization of actin filaments, and bio-
chemical signalling that modulate the formation of the adhesion complex
triggers the autophosphorylation of FAK [47]. As expected, in our study, Vin-
culin expression levels and the phosphorylation of FAK in HULFs coincided
with a trend of increased adhesion and collagen expression after treatment
with rhCOL. Compared with other phosphorylation sites, pFAK (Tyr397)
was most prominently expressed. Meanwhile, pFAK (Tyr397) and vinculin
directly interacted, which is consistent with previous studies. In contrast, a
pFAK397 inhibitor (PF573228) limited cell-spreading and collagen expres-
sion in rhCOLmedium, andwe also observed decreased vinculin expression.
These results suggest that rhCOL enhances HULF adhesion and collagen ex-
pression by promoting FAK phosphorylation and focal adhesion formation.

The Rho family GTPases RhoA and Rho-associated kinases are key
players in actin cytoskeleton regulation and cell adhesion. The Rho/
ROCK signalling pathway activates downstream ROCK through Rho bind-
ing to GTP and further phosphorylates ROCK downstream substrates to re-
model the cytoskeleton, induce actin-myosin contraction, and regulate
microtubule dynamics [48]. Sadia Afrin et al. reported that pFAK
(Tyr397) activates the RhoA/ROCK1 mechanotransduction pathways in
human leiomyoma cells, leading to increased expression of collagen I
[47]. Jonghwa Kim et al. found that both FAK and RhoA activation were as-
sociated with ECM remodelling in the liver [49]. In our study, we found
that after treatment with rhCOL, the expression of RhoA-GTP and ROCK
in HULFs was significantly upregulated. Both RhoA-GTP and ROCK were
downregulated when an inhibitor of pFAK (Tyr397) (PF573228) and
RhoA-GTP (C3 transferase) were added, respectively. In addition, a pFAK
(Tyr397) inhibitor (PF573228) and a RhoA-GTP inhibitor (C3 transferase)
had similar effects in reducing cell adhesion, migration and collagen syn-
thesis. Furthermore, the pFAK(Tyr397) and RhoA-GTP expressionwere sig-
nificantly increased in the rhCOLI group compared with the bvCOLI group,
and there was also a trend of elevation in the rhCOLIII group. Therefore, we
demonstrated that the underlying mechanism that rhCOL is superior to
bvCOL is the higher activation level of the FAK/RhoA/ROCK pathway.
The activation level of the rhCOLIII group was not significantly different
from that of bvCOLI, probably due to the limitation of sample size.

Increased collagen synthesis and tissue structure restoration involve cel-
lularmetabolic processes, such as altered amino acidmetabolism, increased
cellular energy supply [50], and reduced oxidative damage [51]. Re-
searchers found that collagen promoted the proline metabolic synthesis
pathway [52] and reduced the level of ROS in damaged tissues [53]. How-
ever, the changes in metabolic processes associated with collagen supple-
mentation have not yet been studied. Proline is an important constituent
amino acid of collagen with key roles in protein structure, function, and
themaintenance of cellular redox homeostasis. The present study results re-
vealed that proline was significantly increased and that the arginine and
prolinemetabolism pathwayswere upregulated in the rhCOLI and rhCOLIII
groups. The increase in proline possibly promoted collagen synthesis by
upregulating arginine and proline metabolism. The valine, leucine and
isoleucine biosynthesis pathways were also upregulated in the rhCOLI
and rhCOLIII groups. Valine, leucine and isoleucine are BCAAs that are
traditionally associated with muscle growth and maintenance, energy
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production, and the generation of neurotransmitter and gluconeogenic
precursors [54], so the increase in BCAAs might be one of the important
reasons for the repair of the muscularis of the vagina and urethra in rats.
Glutathione is an antioxidant that plays a role in reducing oxidative stress,
inhibiting apoptosis, and eliminating inflammatory responses [55]. rhCOLI
promoted glutathione secretion, which provided a favourable growth
environment for HULFs.

One limitation that may have affected this study was that we did not in-
vestigate the specific collagen recognition receptors. rhCOL has an impor-
tant triple-helical sequence and a stable triple-helical structure, which are
potential recognition targets for the collagen recognition receptor integrins
as well as the DNA-damage response (DDR). Current studies have shown
that integrins and the DDR play an essential role in dynamic connective tis-
sue remodelling andmay contribute to tissue structure remodelling and res-
toration [56]. Furthermore, cell-ECM adhesions mainly involve integrins.
At the adhesion site, integrin binds its ECM ligands and initiates intracellu-
lar signalling [57]. Direct cellular targets might need to be studied in-depth
to clarify the mechanism involved. Second, due to financial and workload
constraints, we selected only one experimental observation time point
based on preliminary experimental results.

5. Conclusion

In conclusion, rhCOL prevents adverse pelvic floor tissue remodelling
and improves pelvic floor function in a model of pelvic floor dysfunction
in rats, possibly by promoting cell adhesion, migration, and ECM synthesis
by activating the FAK/RhoA/ROCK signalling pathway. Meanwhile, com-
pared to rhCOLIII, rhCOLI appears to bemore effective for the repair of pel-
vic floor musculature and connective tissue, promotion of cell adhesion,
expression of collagen I, and regulation of cellular metabolism. These find-
ings suggest that the perivaginal injection of rhCOL is a very promising
treatment method for FPFD that may be used in the future in the clinic.
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