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Introduction: Intrauterine transfusion of platelet-rich plasma (PRP) has become a new treatment for thin endometrium (TE) in recent years, but its low efficacy due to rapid release of growth factors limits its clinical use. Platelet-rich fibrin (PRF) starts the coagulation cascade reaction immediately after the blood comes into contact with the test tube. The natural coagulation process results in stable platelet activation and the slow release of growth factors.Methods: In our study, primary human endometrial stromal cells (hESCs) were extracted from endometrial tissue. PRP and PRF were prepared from the patient cubital vein blood. Stromal cells were cultured in conditioned medium supplemented with PRP and PRF. Differences in cell behavior were observed by cell proliferation test and cell migration test. The relative expression levels of apoptotic Bax and antiapoptotic Bcl-2 genes were measured by qRT-PCR. The release of growth factors from PRP and PRF was detected by ELISA.Results: We found that both PRP and PRF inhibited apoptosis of hESCs, which favored cell proliferation and migration. In addition, PRF releases growth factors for a longer period of time compared to PRP.Discussion: PRF offer a more sustained therapeutic effect compared to PRP, which provides a new idea for endometrial regeneration and repair.Keywords: platelet-rich plasma, platelet-rich fibrin, endometrial stromal cells, cell apoptotic, thin endometrium
1 INTRODUCTION
The ideal endometrial thickness plays a key role in maintaining a normal pregnancy (Lessey and Young, 2019). Proliferation of the endometrial glands and angiogenesis of the uterus are the conditions of endometrial preparation before embryo implantation and are clinically reflected in the thickness of the endometrium (Casper, 2020). However, induced abortion, frequent uterine cavity surgery, and biochemical factors such as infection and hormone drugs can cause endometrial damage and endometrial regeneration disorders. They also affect implantation and survival of embryo, eventually leading to a lower pregnancy rate and increased adverse pregnancy outcome (Gameiro and Finnigan, 2017; Liu et al., 2018; Zhao et al., 2020). A thin endometrium (TE) is the main manifestation of endometrial injury (Liu et al., 2023), and its incidence rate in assisted reproductive technology (ART) is approximately 2.4% ∼ 8.5% (Kasius et al., 2014; Ranisavljevic et al., 2019). The regeneration and repair of the damaged endometrium is one of the most intractable clinical problems in the reproductive field. Current treatment modalities used for TE include medicines, such as estrogen (Carvalho MOC. et al., 2024), tamoxifen (Ji et al., 2023) and traditional Chinese medicine (Jin et al., 2023), other treatments include stem cell therapy (Wang and Tan, 2023), granulocyte colony-stimulating factor (G-CSF) (Xu et al., 2024) and intrauterine perfusion of platelet-rich plasma (PRP) (Chen et al., 2024).
PRP is a platelet concentrate obtained from autologous whole blood after centrifugation that contains a large number of growth factors, such as vascular endothelial growth factor (VEGF), transforming growth factor-β1 (TGF-β1), and platelet-derived growth factor (PDGF) (Aghajanova et al., 2018; Borhani-Haghighi and Mohamadi, 2019). PRP can promote regeneration of the injured endometrium and improve endometrial receptivity (Jang et al., 2017; Zhou et al., 2020). As a new treatment method for TE in recent years, PRP intrauterine perfusion has achieved good results (Cheng et al., 2020; Efendieva et al., 2023; Pandey et al., 2023; Pivazyan et al., 2021; Salman et al., 2023). However, its low efficacy due to rapid release of growth factors limits its clinical use. Studies have shown that the number of PRP uterine instillations correlates with the effectiveness of endometrial thickening. For those patients with endometrial thicknesses below 7 mm, multiple instillations are usually required (Pandey et al., 2023; Russell et al., 2022). It brings great physical and financial pressure to the patients. Therefore, a substitute that can slowly release growth factors is needed to treat TE.
Since Dohan et al. (2006) prepared the first PRF in 2005, it has been widely used in dentistry (Goswami et al., 2024; Özcan et al., 2021), plastic surgery (Yu et al., 2018), wound repair (Tian et al., 2023; Reksodiputro et al., 2021) and other medical fields (Amin et al., 2024; Nagaraju et al., 2017). PRF is a second-generation platelet concentrate product after PRP and is defined as an autologous leukocyte and platelet-rich fibrous biomaterial. After a single centrifugation, exogenous thrombin does not need to be added in the subsequent preparation process. In the coagulation cascade immediately initiated after blood contacts the tube, the natural coagulation process results in stable platelet activation and the slow release of growth factors. During the centrifugation of blood, fibrinogen is converted into fibrin, forming a dense three-dimensional mesh structure. This structure further protects the platelets from rapid activation, slows the release of growth factors, and can last for up to approximately 3 weeks (Lourenço et al., 2018). Previous studies have shown that PRF can promote cell migration, proliferation, differentiation, etc. (Lu et al., 2021; Wang et al., 2017). The proliferation and migration of hESCs maintain the physiological thickness of the uterus and play an important role in the window of implantation (WOI), but no studies have investigated the effect of PRF on the biological behavior of hESCs.
PRF has been used for the treatment of intrauterine adhesion (IUA) (Chen and Wang, 2022; Wang et al., 2021). What is the effect of PRF on hESCs behavior compared to PRP? In this study, we explored the release of growth factors from PRF and PRP and their effects on the behavior of hESCs. It is hoped that this study provide a new theoretical reference for the regenerative repair of endometrium.
2 MATERIALS AND METHODS
2.1 Volunteer recruitment
Five infertile women aged 20–40 years who underwent routine hysteroscopy before artificial assisted reproductive technology were recruited, and endometrial pathology revealed a proliferative endometrium. The exclusion criteria were as follows: 1) abnormal blood coagulation; 2) abnormal uterine structure; 3) endometrial hyperplasia; and 4) patients with severe cardiac, hepatic, pulmonary, renal, and other organ disorders. Anterior elbow vein blood was taken for the preparation of PRP and PRF, and endometrial tissue was taken for the extraction of primary hESCs. All patients voluntarily participated, were informed of the purpose and process of the experiment, and signed an informed consent form.
2.2 Preparation of PRP
Two 15 mL centrifuge tubes containing 1 mL of sodium citrate anticoagulant (Carvalho A. et al., 2024; Görgü et al., 2020) were prepared for each volunteer, 9 mL of venous blood was injected into each tube, and the tube was gently shaken and mixed well. After centrifugation at 300 ×g for 20 min at room temperature, the upper and lower layers of the liquid were obviously delaminated. The yellowish part of the upper layers and the junction of the upper and lower layers of the two tubes were carefully removed to form a new tube. After centrifugation at 300 ×g for another 20 min, the bottom 1 mL of liquid, namely, PRP, was removed, and the platelet concentration was adjusted to 1 × 109/mL (Marx, 2001). The solution was mixed with 10% CaCL2 and thrombin (Sigma Aldrich, Cat: T6884) at a 9:1 volume ratio. The mixture was incubated in an incubator at 37°C for 4 h, centrifuged at room temperature at 2,000 ×g for 10 min, filtered through a 0.22 µm filter and frozen at −80°C for subsequent experiments.
2.3 Preparation of PRF
Of venous blood, 10 mL was placed in a special PRF glass tube without antithrombin. The test tube was immediately centrifuged at 400 ×g for 10 min (Ehrenfest et al., 2010). After rest, the blood sample can be divided into three layers. Between the red blood cell fragments in the bottom layer and the yellowish clarified liquid platelet plasma in the top layer, the yellowish gel in the middle layer is called PRF. The supernatant was discarded, and the red blood cells at the bottom of the gel were removed to obtain the primary PRF, which was then placed in a dry and sterilized container for 10 min to naturally contract and release the serum. Finally, the PRF was extruded into a film using a sterilized stainless steel box, and the PRF membrane was obtained.
The ultrastructure of the PRF scaffold was observed by scanning electron microscopy (Thermo Fisher Scientific, Apreo 2 SEM, United States). PRF specimens were fixed overnight in 2% glutaraldehyde. The next day, the sample was dried in a dryer and then sputtered with 20 nm of gold. The prepared samples were then examined under the SEM at an accelerating voltage of 10 kV to capture detailed images of the PRF scaffold microstructure.
2.4 Isolation, culture and identification of primary hESCs
The obtained endometrial tissue was repeatedly washed with aseptic 1 × PBS and cut into <1 mm3 fragments. Then added trypsin (0.25%, Sigma Aldrich, Cat: T4549) equivalent to 5 times the volume of the tissue to digest the tissue. The mixture was digested in a water bath at 37°C for 1 h (Jividen et al., 2014). The mixture was centrifuged and the tissue was resuspended with PBS. The endometrial tissue suspension was filtered through a 400 mesh filter (Fisher Scientific, Cat: NC0073140) (Lin et al., 2022) and the filtrate was collected. Re-centrifugation was performed to remove residual trypsin. The obtained cells were resuspended with DMEM medium containing 10% fetal bovine serum and seeded in a Petri dish. Primary cells were identified by immunofluorescence, and the specific marker molecule was vimentin (Vim). The cells were fixed with 4% paraformaldehyde for 15 min after being exposed to coverslips, permeabilized with 0.1% Triton X-100 for 10 min, and blocked with 5% BSA for 1 h. Subsequently, the cells were incubated with an anti-Vim antibody (1:200 dilution, Cell Signaling Technology, Cat: 5741) at 4°C overnight, followed by incubation with an Alexa Fluor 488-conjugated secondary antibody (1:500 dilution, Thermo Fisher Scientific, Cat: A11001) at room temperature for 1 h. Nuclei were stained with DAPI. Images were captured using a confocal microscope, and fluorescence intensity was analyzed using ImageJ software.
2.5 Preparation of conditioned medium
PRP and PRF membranes were transferred to 50 mL centrifuge tubes containing 45 mL of serum-free DMEM and incubated at 4°C for 1 day or 14 days to allow the accumulation of released growth factors. After 1 day and 14 days, the supernatant was collected by centrifugation at 1,000 rpm for 5 min and then filtered through a 0.22 μm filter. A 1% penicillin streptomycin mixture was added, and the conditioned medium was obtained, which was labeled “1dPRP/1dPRF/14dPRP/14dPRF.”
2.6 Cell proliferation assay
hESCs were digested with trypsin from passage 3 to generation 5 (Yang et al., 2023), counted and seeded into 4 96-well plates at 2,000 cells per well. After 24 h of incubation, the serum-free DMEM and the four conditioned media were replaced, and the cells were cultured in an incubator. One plate cell was removed at 24 h, 48 h, 72 h and 96 h. According to the instructions of the kit (Beyotime, Cat: C0038), 10 μL of CCK-8 solution was added to each well. Then place the 96-well plate in the cell incubator and incubate for 2 h. During this process, the WST-8 in the CCK-8 reagent is reduced by dehydrogenases in live cells, producing a water-soluble formazan dye. The intensity of the dye solution’s color is directly proportional to cell viability. And the OD was measured with a spectrophotometer at a wavelength of 450 nm.
2.7 Cell migration assay
The hESC cell suspension was seeded into the upper chamber of a 6-well Transwell plate (Costar, Cat: 3422, 8.0 μm pore size) at a density of 2 × 105 cells/mL, and serum-free DMEM, and each group of conditioned media were added to the lower chamber and cultured in a CO2 incubator at 37°C for 24 h. The Transwell chamber was removed, the cells were rinsed with PBS, fixed with 4% paraformaldehyde solution, the unmigrated cells on top surface of the membrane were removed with a cotton swab, and the cells at the bottom surface of the membrane were rinsed with PBS and stained with 0.1% crystal violet (Justus et al., 2023). The cells were observed and imaged under a microscope.
2.8 Real-time PCR
A rapid extraction kit for trace sample RNA (Solarbio, Cat: R1200) was used to extract sample RNA, and a reverse transcription kit (SparkJade, Cat: AG304) was used for reverse transcription. According to the instructions of the SYBR Green qPCR kit (AGbio, Cat: AG11701), the samples were amplified by Quant StudioTM5 real-time fluorescence quantitative PCR. With the GAPDH gene as an internal reference, the relative expression of apoptotic Bax and the antiapoptotic gene Bcl-2 was detected by relative quantification. The sequences of the primers used are listed in Supplementary Table S1. The experimental data were statistically analyzed according to the 2−ΔΔ CT method.
2.9 Release of growth factors from PRP and PRF
PRP and PRF were soaked in a 6-well plate containing 5 mL of DMEM and incubated in a cell incubator. The supernatants were collected at different time points and stored at −20°C. The levels of the growth factors VEGF (Thermo Fisher, Cat: KHG0111), TGF-β1 (Thermo Fisher, Cat: BMS249-4) and PDGF-AB (Thermo Fisher, Cat: EHPDGFAB) were detected according to the instructions of the ELISA kit. The absorbance at 450 nm was measured, and the corresponding results were calculated according to the curve.
2.10 Statistical analysis
All experimental data were validated by three replicates and are expressed as the mean ± standard deviation (SD) using one-way ANOVA and two-way ANOVA, which were performed with GraphPad Prism 9.0 software. P values less than or equal to 0.05 were considered to indicate statistical significance.
3 RESULTS
3.1 Characterization of PRF
After centrifugation, the blood was divided into three layers: an upper colorless transparent liquid (the serum layer), a middle white jelly (the PRF layer), and a lower red clot (the erythrocyte layer). Jelly like PRF was obtained after discarding the serum and erythrocytes, and a PRF diaphragm was obtained after water removal by extrusion (Figure 1A).
[image: Figure 1]FIGURE 1 | Characteristics of PRF. (A) PRF preparation process. (B) Structure of PRF under scanning electron microscope. (a) Image of the PRF surface. (b) Image of the PRF cross-section. Scale bars = 10 μm.
Scanning electron microscopy revealed that the PRF was smooth and wrinkled overall, and further magnification revealed that it was a dense fiber network with a three-dimensional distribution. In the complex fibrin network, pores ranging from 10 μm to 30 μm are found, which are connected to each other and are expected to be useful as biological scaffolds (Figure 1B).
3.2 Characterization of hESCs
Two days after seeding, the cells had successfully adhered to the wall, and the primary cells were long and fusiform. After 4–7 days of culture, the cells grew exuberantly, closely arranged, and swirled (Figure 2A). Immunofluorescence staining revealed that vim-positive cells accounted for 95% of the total cells, confirming that the isolated cells were hESCs (Figure 2B).
[image: Figure 2]FIGURE 2 | Characterization of hESCs. (A) Morphology of cultured primary cells at different time point. (B) Immunofluorescent imaging data was presented as vimentin expression after culture.
3.3 Proliferative effects
After incubation with the four conditioned media, there was no obvious morphological change in the hESCs. As shown in Figure 3, compared with those in the control group, the four conditioned media promoted the proliferation of hESCs. The degree of proliferation of the 1dPRP- and 14dPRF-treated cells was significantly greater than that of the other conditioned medium groups. The degree of proliferation in the 14dPRF group was greater than that in the 1dPRP group, but the difference was not statistically significant.
[image: Figure 3]FIGURE 3 | Effects of PRP and PRF on the proliferation of hESCs at 24, 48, 72 and 96 h ***P < 0.001 compared with control group; **P < 0.01 compared with control group; *P < 0.05 compared with control group.
3.4 Migration effects
As shown in Figure 4, all four conditioned media could stimulate hESC migration. There was no significant difference between the 1dPRF group and the control group, but there was a significant difference among the other three groups. Among these groups, the 14dPRF group showed the greatest effect on hESC migration, followed by the 1dPRP group.
[image: Figure 4]FIGURE 4 | Effect of PRP and PRF on the migration of hESCs. (A) Normalized cell migration demonstrated a significant increase in 1dPRP and 14dPRF groups. (B) Cell migration was assessed after 24 h. Scale bars = 100 μm ***P < 0.001 compared with control group; **P < 0.01 compared with control group; ns, no significance.
3.5 Gene expression
The expression of apoptosis-related genes was measured by qRT-PCR. Compared with those in the control group, the expression of the apoptosis gene Bax was significantly decreased, and the expression of the antiapoptotic gene Bcl-2 was significantly increased in hESCs cultured in PRP- and PRF-conditioned media (P < 0.01). The effect of 14dPRF was the same as that of 1dPRP and was better than that of the other conditioned media (P < 0.001) (Figure 5).
[image: Figure 5]FIGURE 5 | Effects of PRP and PRF on the gene expression in hESCs. (A) Apoptosis gene Bax expression. (B) Anti-apoptosis gene Bcl-2 expression. ***P < 0.001 compared with control group; **P < 0.01 compared with control group; ns: no significance.
3.6 Growth factor release curve
As shown in Figure 6, the initial dose of the three growth factors in PRP is relatively high, and the release is mainly concentrated in the first 3 days, which tends to be flat, and there are signs of dose reduction after 1 week. The initial amount of PRF growth factor was low, and the total amount of VEGF and TGF-β1 tended to be stable after continuous release for 2 weeks. However, PDGF-AB were still released continuously after 2 weeks. The total amount of TGF-β1 and PDGF-AB released from PRF exceeded that of PRP after 2 weeks, while the release of VEGF was about the same as that of PRP at the 3rd week.
[image: Figure 6]FIGURE 6 | Growth factor release curve. (A) Total amount of VEGF released at different time points. (B) Total amount of TGF- β1 released at different time points. (C) Total amount of PDGF-AB released at different time points.
4 DISCUSSION
There has been much research into treatments for thin endometrium, each with its own advantages and disadvantages. Medication is often the first-line treatment but may cause side effects such as headaches, nausea, and breast tenderness, and long-term use can lead to drug resistance (Carvalho MOC. et al., 2024). Stem cell therapy shows promise for regenerating the endometrium but is still experimental (Wang and Tan, 2023). G-CSF intrauterine perfusion is newer approaches that aim to enhance endometrial growth, with limited long-term data (Banerjee et al., 2022). PRP intrauterine perfusion has achieved good results in recent years, but multiple instillations are usually required in clinical application (Chen et al., 2024; Pandey et al., 2023; Russell et al., 2022). Considering the disadvantage that PRP growth factors cannot be released for a long period of time, PRF turns out to be an alternative worth investigating.
With the emergence of second-generation PRF, researchers have found that compared with traditional PRP, PRF has many advantages (Miron et al., 2017). First, PRF is easy to prepare. Its preparation is simplified to one-step centrifugation, which requires centrifugation at a low speed, simulates the physiological coagulation process and allows the collection of natural clots (Lundquist et al., 2018). Second, PRF does not use any exogenous additives in the preparation process, which avoids the risk of immune rejection caused by thrombin used in PRP preparation. This also avoids the spread of infectious diseases and coagulation dysfunction (Anitua et al., 2016). Finally, from an ultrastructural point of view, the maturity of the fibrin reticular structure of PRF is better than that of PRP, which is related to the release of the growth factors. Specifically, PRP is in a liquid state, leading to a faster release rate of growth factors and consequently a shorter duration of action. In contrast, PRF has a three-dimensional fibrin structure that provides a stable scaffold, acting as a reservoir for various growth factors. This structure allows for the prolonged release of growth factors, ensuring their sustained activity over a more extended period (Kobayashi et al., 2016; Zwittnig et al., 2022).
Considering the above advantages of PRF, we explored its effects on hESCs. In this study, the conditioned medium extracts at various time points demonstrated that the medium obtained after 14 days of PRF immersion significantly promoted the proliferation and migration of hESCs. Several studies have shown that PRF can significantly promote the proliferation of various cell types, including bone marrow mesenchymal stem cells (Sirous et al., 2024), skin fibroblasts (Li et al., 2022), and gingival fibroblasts (Pitzurra et al., 2020). These cells exhibit increased proliferation and migration rates under stimulation with PRF. In comparison, although PRP can also promote cell proliferation, its effects are generally less pronounced than those of PRF (Masuki et al., 2016). Currently, there are no comparative studies on the effects of PRF and PRP on human endometrial stromal cells.
Currently there are many studies on the mechanism of action of PRP in promoting endometrial regeneration. PRP can promote cell mitosis by activating the signal pathway on the surface of the cell membrane, resulting in the proliferation of endometrial functional layer epithelial cells, the increase of glandular epithelium and the proliferation and expansion of spiral arteries, thus promoting the growth of endometrial cells (Mao et al., 2023). It can also inhibit the release of inflammatory factors in injured endometrium and mediate the expression of interleukin-10, thus favoring the regeneration of the endometrium, restorating of homeostatic conditions after endometrium injury (Choi et al., 2023; Jang et al., 2017; Zhou et al., 2020). Because the composition of PRF is similar to PRP, in addition to its anti-inflammatory effects, PRF also can regulate intercellular signaling through the release of growth factors. Through the activation and regulation of signaling pathways such as Wnt/β-catenin (Zhang et al., 2016), JAK/STAT (Fitzgerald et al., 2020) and Notch (Huang and Ogawa, 2019), PRF can promote cell activity and function. Superior to PRP, the fibrin and leukocytes contained in the PRF also provide additional support and immunomodulatory functions (Narayanaswamy et al., 2023). This study found that expression of apoptotic gene Bax decreased and expression of anti-apoptotic gene Bcl-2 increased significantly, suggesting that PRF and PRP can effectively inhibit the apoptosis of hESCs. Inhibition of apoptosis can maintain cell viability and provide more opportunities for cell proliferation and migration (Hong et al., 2023). In addition, reducing apoptosis can promote cell migration by improving the environment of the extracellular matrix (He et al., 2023).
The concentrations of three growth factors released by PRF and PRP at different time points were detected, and it was found that the total amount of VEGF and TGF- β1 tended to be stable after continuous release for 2 weeks. However, PDGF-AB were still released continuously after 2 weeks. The total amount of TGF- β1 and PDGF-AB released from PRF was higher than that of PRP after 2 weeks. VEGF, TGF-β1 and PDGF play a key role in the functional regulation of hESCs. VEGF stimulates the cells to secrete more angiogenic factors and enhances cell-cell interactions, thus promoting the formation of neovascularization. It also activates the cell proliferation signaling pathway and promotes proliferation and migration (Abhinand et al., 2016). TGF-β1 regulates cellular immune function, reduces inflammatory responses, and maintains the stability of the intrauterine environment. It also stimulates the synthesis and secretion of extracellular matrix components, such as collagen and fibronectin, which are essential for the maintenance of the structure and function of the endometrium (Mantel and Schmidt-Weber, 2011; Yang et al., 2021). PDGF activates downstream signaling pathways through its receptors to enhance cell proliferation and migration. It also plays an important role in regulating extracellular matrix remodeling (Wang et al., 2023). The current related studies have large differences in the results of PRP and PRF growth factor release (Kobayashi et al., 2016; Kushida et al., 2014; Mochizuki et al., 2022). This may be related to individual differences in samples, preparation methods, and experimental conditions. The present study examined the concentration of growth factors within the supernatant and focused on the comparison of PRP and PRF release duration. In the present study, we found that PRF can release these growth factors in a long-lasting manner, which is beneficial to cell proliferation and migration.
In summary, the release of growth factors from PRF is longer than that from PRP, and PRF without exogenous anticoagulant can affect the behavior of hESCs more significantly by affecting the proliferation, migration, and more inhibition of apoptosis of hESCs. Compared with PRP, PRF can significantly prolong endometrial tissue repair. However, this study has several limitations. First, only the effects of PRF on cells were investigated, necessitating further animal and clinical trials to confirm the safety and efficacy of PRF. Second, the study used normal endometrial cells, and future research should focus on endometrial stromal cells from patients with TE for more relevant insights. Finally, we did not explore all critical markers and pathways affecting the impact of PRF on endometrial stromal cells. Future studies will address these gaps and will be pivotal in determining the feasibility and effectiveness of PRF as a therapeutic alternative.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving humans were approved by the Ethics Committee of the Affiliated Women and Children’s Hospital of Qingdao University. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
GY: Formal Analysis, Methodology, Writing–original draft. DL: Funding acquisition, Writing–review and editing. XD: Methodology, Writing–review and editing. YL: Methodology, Writing–review and editing. XW: Methodology, Writing–review and editing. CH: Conceptualization, Funding acquisition, Writing–review and editing.
FUNDING
The authors declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported by The National Natural Science Foundation of China (Nos 82201801 and 81671416); Key Clinical Specialty of Qingdao, China; Special Fund for the Technology-Benefiting-People Project of Qingdao, China (No. 23-2-8-smjk-16-nsh).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2024.1445928/full#supplementary-material
REFERENCES
 Abhinand, C. S., Raju, R., Soumya, S. J., Arya, P. S., and Sudhakaran, P. R. (2016). VEGF-A/VEGFR2 signaling network in endothelial cells relevant to angiogenesis. J. Cell Commun. Signal 10 (4), 347–354. doi:10.1007/s12079-016-0352-8
 Aghajanova, L., Houshdaran, S., Balayan, S., Manvelyan, E., Irwin, J. C., Huddleston, H. G., et al. (2018). In vitro evidence that platelet-rich plasma stimulates cellular processes involved in endometrial regeneration. J. Assist. Reprod. Genet. 35 (5), 757–770. doi:10.1007/s10815-018-1130-8
 Amin, A. B., Dorpmans, D., Mufty, H., and Fourneau, I. (2024). Treatment of vascular leg ulcers with leukocyte- and platelet-rich fibrin (L-PRF): a systematic review. Phlebology 23, 2683555241256543. doi:10.1177/02683555241256543
 Anitua, E., Prado, R., Troya, M., Zalduendo, M., de la Fuente, M., Pino, A., et al. (2016). Implementation of a more physiological plasma rich in growth factor (PRGF) protocol: anticoagulant removal and reduction in activator concentration. Platelets 27 (5), 459–466. doi:10.3109/09537104.2016.1143921
 Banerjee, K., Singla, B., and Verma, P. (2022). Efficacy of subcutaneous granulocyte colonystimulating factor infusion for treating thin endometrium. Clin. Exp. Reprod. Med. 49 (1), 70–73. doi:10.5653/cerm.2021.04833
 Borhani-Haghighi, M., and Mohamadi, Y. (2019). The therapeutic effect of platelet-rich plasma on the experimental autoimmune encephalomyelitis mice. J. Neuroimmunol. 333, 476958. doi:10.1016/j.jneuroim.2019.04.018
 Carvalho, A., Ferreira, A. F., Soares, M., Santos, S., Tomé, P., Machado-Simões, J., et al. (2024a). Optimization of platelet-rich plasma preparation for regenerative medicine: comparison of different anticoagulants and resuspension media. Bioeng. (Basel) 11 (3), 209. doi:10.3390/bioengineering11030209
 Carvalho, M. O. C., Lima, SMRR, Glina, C. G., Tso, L. O., Romano, R. S., Glina, S., et al. (2024b). A randomized clinical trial of transdermal (gel) versus oral estrogen for endometrial preparation in frozen embryo transfer cycle. Rev. Assoc. Med. Bras. 70 (5), e20231548. doi:10.1590/1806-9282.20231548
 Casper, R. F. (2020). Frozen embryo transfer: evidence-based markers for successful endometrial preparation. Fertil. Steril. 113 (2), 248–251. doi:10.1016/j.fertnstert.2019.12.008
 Chen, L., and Wang, M. (2022). Expert consensus on autologous platelet-rich fibrin (PRF) in the treatment of uterine adhesion. J. Clin. Transf. Lab. Med. 24 (3), 279–284. doi:10.3969/j.issn.1671-2587.2022.03.002
 Chen, P. F., Liang, Y. L., Chuang, Y. J., and Wu, M. H. (2024). Autologous PRP therapy for thin endometrium: a self-controlled case series study across menstrual cycles. Eur. J. Obstet. Gynecol. Reprod. Biol. 26 (299), 12–17. doi:10.1016/j.ejogrb.2024.05.032
 Cheng, H., Liu, K., Liu, Y., and Liu, Y. (2020). Effect of platelet-rich plasma on pregnancy outcome during freeze-thaw cycle in patients with thin endometrium. Prog. Obstetrics Gynecol. 29 (6), 450–452. doi:10.13283/j.cnki.xdfckjz.2020.06.008
 Choi, B., Lee, C., and Yu, J. W. (2023). Distinctive role of inflammation in tissue repair and regeneration. Arch. Pharm. Res. 46 (2), 78–89. doi:10.1007/s12272-023-01428-3
 Dohan, D. M., Choukroun, J., Diss, A., Dohan, S. L., Dohan, A. J., Mouhyi, J., et al. (2006). Platelet-rich fibrin (PRF): a second-generation platelet concentrate. Part I: technological concepts and evolution. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endod. 101 (3), e37–e44. doi:10.1016/j.tripleo.2005.07.008
 Efendieva, Z., Vishnyakova, P., Apolikhina, I., Artemova, D., Butov, K., Kalinina, E., et al. (2023). Hysteroscopic injections of autologous endometrial cells and platelet-rich plasma in patients with thin endometrium: a pilot randomized study. Sci. Rep. 13 (1), 945. doi:10.1038/s41598-023-27982-w
 Ehrenfest, D. M. D., Del Corso, M., Diss, A., Mouhyi, J., and Charrier, J. B. (2010). Three-dimensional architecture and cell composition of a Choukroun’s platelet-rich fibrin clot and membrane. J. Periodontol. 81 (4), 546–555. doi:10.1902/jop.2009.090531
 Fitzgerald, K. J., DiCarlo, E., Nurkesh, A., Sultankulov, B., and Saparov, A. (2020). Sequential delivery of cryogel released growth factors and cytokines accelerates wound healing and improves tissue regeneration. Front. Bioeng. Biotechnol. 8, 345. doi:10.3389/fbioe.2020.00345
 Gameiro, S., and Finnigan, A. (2017). Long-term adjustment to unmet parenthood goals following ART: a systematic review and meta-analysis. Hum. Reprod. Update 23 (3), 322–337. doi:10.1093/humupd/dmx001
 Görgü, M., Gökkaya, A., and Doğan, A. (2020). Comparison of two anticoagulants for pain associated with platelet-rich plasma injections. Aesthetic Plast. Surg. 44 (3), 955–961. doi:10.1007/s00266-019-01541-z
 Goswami, P., Chaudhary, V., Arya, A., Verma, R., Vijayakumar, G., and Bhavani, M. (2024). Platelet-rich fibrin (PRF) and its application in dentistry: a literature review. J. Pharm. Bioallied Sci. 16 (Suppl. 1), S5–S7. doi:10.4103/jpbs.jpbs_435_23
 He, Y., Zheng, W., Huo, Y., Sa, L., Zhang, H., He, G., et al. (2023). PLEKHA4 promotes glioblastoma progression through apoptosis inhibition, tumor cell migration, and macrophage infiltration. Immunobiology 228 (6), 152746. doi:10.1016/j.imbio.2023.152746
 Hong, K., Yang, Q., Yin, H., Zhang, J., and Yu, B. (2023). SDR16C5 promotes proliferation and migration and inhibits apoptosis in pancreatic cancer. Open Life Sci. 18 (1), 20220630. doi:10.1515/biol-2022-0630
 Huang, Y., and Ogawa, R. (2019). The link between platelets and pathogenesis in fibroproliferative diseases. J. Clin. Investigation 129 (9), 3496–3507. doi:10.1172/JCI124450
 Jang, H. Y., Myoung, S. M., Choe, J. M., Kim, T., Cheon, Y. P., Kim, Y. M., et al. (2017). Effects of autologous platelet-rich plasma on regeneration of damaged endometrium in female rats. Yonsei Med. J. 58 (6), 1195–1203. doi:10.3349/ymj.2017.58.6.1195
 Ji, M., Fu, X., Huang, D., Wu, R., Jiang, Y., and Huang, Q. (2023). Effect of tamoxifen in patients with thin endometrium who underwent frozen-thawed embryo transfer cycles: a retrospective study. Front. Endocrinol. (Lausanne) 14, 1195181. doi:10.3389/fendo.2023.1195181
 Jin, F., Ruan, X., Qin, S., Xu, X., Yang, Y., Gu, M., et al. (2023). Traditional Chinese medicine Dingkun pill to increase fertility in women with a thin endometrium-a prospective randomized study. Front. Endocrinol. (Lausanne) 14, 1168175. doi:10.3389/fendo.2023.1168175
 Jividen, K., Movassagh, M. J., Jazaeri, A., and Li, H. (2014). Two methods for establishing primary human endometrial stromal cells from hysterectomy specimens. J. Vis. Exp. 87, 51513. doi:10.3791/51513
 Justus, C. R., Marie, M. A., Sanderlin, E. J., and Yang, L. V. (2023). Transwell in vitro cell migration and invasion assays. Methods Mol Biol. 2644, 349–359. doi:10.1007/978-1-0716-3052-5_22
 Kasius, A., Smit, J. G., Torrance, H. L., Eijkemans, M. J., Mol, B. W., Opmeer, B. C., et al. (2014). Endometrial thickness and pregnancy rates after IVF: a systematic review and meta-analysis. Hum. Reprod. Update 20 (4), 530–541. doi:10.1093/humupd/dmu011
 Kobayashi, E., Flückiger, L., Fujioka-Kobayashi, M., Sawada, K., Sculean, A., Schaller, B., et al. (2016). Comparative release of growth factors from PRP, PRF, and advanced-PRF. Clin. Oral Investig. 20 (9), 2353–2360. doi:10.1007/s00784-016-1719-1
 Kushida, S., Kakudo, N., Morimoto, N., Hara, T., Ogawa, T., Mitsui, T., et al. (2014). Platelet and growth factor concentrations in activated platelet-rich plasma: a comparison of seven commercial separation systems. J. Artif. Organs 17 (2), 186–192. doi:10.1007/s10047-014-0761-5
 Lessey, B. A., and Young, S. L. (2019). What exactly is endometrial receptivity?Fertil. Steril. 111 (4), 611–617. doi:10.1016/j.fertnstert.2019.02.009
 Li, Y., Song, P., He, J., Liu, B., Liu, S., Zhou, Y., et al. (2022). Comparison between injectable platelet-rich fibrin and platelet-rich plasma in ameliorating UVA-induced photoaging in human dermal fibroblasts via the activation of TGF-β/smad signaling pathway. Photochem Photobiol. 98 (6), 1395–1401. doi:10.1111/php.13628
 Lin, Y. K., Li, Y. Y., Li, Y., Li, D. J., Wang, X. L., Wang, L., et al. (2022). SCM-198 prevents endometriosis by reversing low autophagy of endometrial stromal cell via balancing ERα and PR signals. Front. Endocrinol. (Lausanne) 13, 858176. doi:10.3389/fendo.2022.858176
 Liu, K. E., Hartman, M., Hartman, A., Luo, Z. C., and Mahutte, N. (2018). The impact of a thin endometrial lining on fresh and frozen-thaw IVF outcomes: an analysis of over 40 000 embryo transfers. Hum. Reprod. 33 (10), 1883–1888. doi:10.1093/humrep/dey281
 Liu, T., He, B., and Xu, X. (2023). Repairing and regenerating injured endometrium methods. Reprod. Sci. 30 (6), 1724–1736. doi:10.1007/s43032-022-01108-5
 Lourenço, E. S., Mourão, C., Leite, P. E. C., Granjeiro, J. M., Calasans-Maia, M. D., and Alves, G. G. (2018). The in vitro release of cytokines and growth factors from fibrin membranes produced through horizontal centrifugation. J. Biomed. Mater Res. A 106 (5), 1373–1380. doi:10.1002/jbm.a.36346
 Lu, K., Han, Q., Ma, Z., Yan, Q., Pei, Y., Shi, P., et al. (2021). Injectable platelet rich fibrin facilitates hair follicle regeneration by promoting human dermal papilla cell proliferation, migration, and trichogenic inductivity. Exp. Cell Res. 409 (1), 112888. doi:10.1016/j.yexcr.2021.112888
 Lundquist, R., Dziegiel, M. H., and Agren, M. S. (2018). Bioactivity and stability of endogenous fibrogenic factors in platelet-rich fibrin. Wound Repair Regen. 16 (3), 356–363. doi:10.1111/j.1524-475X.2007.00344.x
 Mantel, P. Y., and Schmidt-Weber, C. B. (2011). Transforming growth factor-beta: recent advances on its role in immune tolerance. Methods Mol. Biol. 677, 303–338. doi:10.1007/978-1-60761-869-0_21
 Mao, Y., Wang, M., Xiong, Y., Wen, X., Zhang, M., Ma, L., et al. (2023). MELTF might regulate ferroptosis, pyroptosis, and autophagy in platelet-rich plasma-mediated endometrial epithelium regeneration. Reprod. Sci. 30 (5), 1506–1520. doi:10.1007/s43032-022-01101-y
 Marx, R. E. (2001). Platelet-rich plasma (PRP): what is PRP and what is not PRP?Implant Dent. 10 (4), 225–228. doi:10.1097/00008505-200110000-00002
 Masuki, H., Okudera, T., Watanebe, T., Suzuki, M., Nishiyama, K., Okudera, H., et al. (2016). Growth factor and pro-inflammatory cytokine contents in platelet-rich plasma (PRP), plasma rich in growth factors (PRGF), advanced platelet-rich fibrin (A-PRF), and concentrated growth factors (CGF). Int. J. Implant Dent. 2 (1), 19. doi:10.1186/s40729-016-0052-4
 Miron, R. J., Fujioka-Kobayashi, M., Hernandez, M., Kandalam, U., Zhang, Y., Ghanaati, S., et al. (2017). Injectable platelet rich fibrin (i-PRF): opportunities in regenerative dentistry?Clin. Oral Investig. 21 (8), 2619–2627. doi:10.1007/s00784-017-2063-9
 Mochizuki, T., Ushiki, T., Watanabe, S., Omori, G., and Kawase, T. (2022). The levels of TGFβ1, VEGF, PDGF-BB, and PF4 in platelet-rich plasma of professional soccer players: a cross-sectional pilot study. J. Orthop. Surg. Res. 17 (1), 465. doi:10.1186/s13018-022-03362-4
 Nagaraju, U., Sundar, P. K., Agarwal, P., Raju, B. P., and Kumar, M. (2017). Autologous platelet-rich fibrin matrix in non-healing trophic ulcers in patients with hansen's disease. J. Cutan. Aesthet. Surg. 10 (1), 3–7. doi:10.4103/jcas.Jcas_17_16
 Narayanaswamy, R., Patro, B. P., Jeyaraman, N., Gangadaran, P., Rajendran, R. L., Nallakumarasamy, A., et al. (2023). Evolution and clinical advances of platelet-rich fibrin in musculoskeletal regeneration. Bioeng. (Basel) 10 (1), 58. doi:10.3390/bioengineering10010058
 Özcan, E., Saygun, I., Kantarcı, A., Özarslantürk, S., Serdar, M. A., and Özgürtaş, T. (2021). The effects of a novel non-invasive application of platelet-rich fibrin on periodontal clinical parameters and gingival crevicular fluid transforming growth factor-β and collagen-1 levels: a randomized, controlled, clinical study. J. Periodontol. 92 (9), 1252–1261. doi:10.1002/jper.20-0713
 Pandey, D., Bajaj, B., Kapoor, G., and Bharti, R. (2023). Intrauterine instillation of autologous platelet-rich plasma in infertile females with thin endometrium undergoing intrauterine insemination: an open-label randomized controlled trial. AJOG Glob. Rep. 3 (2), 100172. doi:10.1016/j.xagr.2023.100172
 Pitzurra, L., Jansen, I. D. C., de Vries, T. J., Hoogenkamp, M. A., and Loos, B. G. (2020). Effects of L-PRF and A-PRF+ on periodontal fibroblasts in in vitro wound healing experiments. J. Periodontal Res. 55 (2), 287–295. doi:10.1111/jre.12714
 Pivazyan, L., Avetisyan, J., Unanyan, A., and Ishchenko, A. (2021). P–309 Effectiveness of intrauterine infusion of platelet-rich plasma (PRP) vs. granulocyte colony-stimulating factor (G-CSF) in women with thin endometrium undergoing assisted reproduction. Hum. Reprod. 36 (S1), deab130–308. doi:10.1093/humrep/deab130.308
 Ranisavljevic, N., Raad, J., Anahory, T., Grynberg, M., and Sonigo, C. (2019). Embryo transfer strategy and therapeutic options in infertile patients with thin endometrium: a systematic review. J. Assist. Reprod. Genet. 36 (11), 2217–2231. doi:10.1007/s10815-019-01576-w
 Reksodiputro, M. H., Hutauruk, S. M., Widodo, D. W., Fardizza, F., and Mutia, D. (2021). Platelet-rich fibrin enhances surgical wound healing in total laryngectomy. Facial Plast. Surg. 37 (3), 325–332. doi:10.1055/s-0040-1717083
 Russell, S. J., Kwok, Y. S. S., Nguyen, T. T. N., and Librach, C. (2022). Autologous platelet-rich plasma improves the endometrial thickness and live birth rate in patients with recurrent implantation failure and thin endometrium. J. Assist. Reprod. Genet. 39 (6), 1305–1312. doi:10.1007/s10815-022-02505-0
 Salman, M. M., Zaki, A. M., El-Gamal, H. H., Gomaa, M. F., Osman, A. A., and Farid, L. A. (2023). Effect of intrauterine infusion of autologous platelet-rich plasma in patients with refractory thin endometrium undergoing in vitro fertilization. Prz. Menopauzalny 22 (2), 77–82. doi:10.5114/pm.2023.128814
 Sirous, S., Aghamohseni, M. M., Farhad, S. Z., Beigi, M., and Ostadsharif, M. (2024). Mesenchymal stem cells in PRP and PRF containing poly(3-caprolactone)/gelatin Scaffold: a comparative in-vitro study. Cell Tissue Bank. 25 (2), 559–570. doi:10.1007/s10561-023-10116-x
 Tian, K., Ye, J., Zhong, Y., Jia, Z., Xu, W., Gao, S., et al. (2023). Autologous i-PRF promotes healing of radiation-induced skin injury. Wound Repair Regen. 31 (4), 454–463. doi:10.1111/wrr.13083
 Wang, K., Papadopoulos, N., Hamidi, A., Lennartsson, J., and Heldin, C. H. (2023). SUMOylation of PDGF receptor α affects signaling via PLCγ and STAT3, and cell proliferation. BMC Mol. Cell Biol. 24 (1), 19. doi:10.1186/s12860-023-00481-6
 Wang, T., and Tan, J. (2023). Therapeutic effect of menstrual blood stem cells in rats with thin endometrium. Zhejiang Da Xue Xue Bao Yi Xue Ban. 52 (1), 13–23. doi:10.3724/zdxbyxb-2022-0509
 Wang, X., Zhang, Y., Choukroun, J., Ghanaati, S., and Miron, R. J. (2017). Behavior of gingival fibroblasts on titanium implant surfaces in combination with either injectable-PRF or PRP. Int. J. Mol. Sci. 18 (2), 331. doi:10.3390/ijms18020331
 Wang, Z., Yang, M., Mao, L., Wang, X., Wang, S., Cui, G., et al. (2021). Efficacy and safety of autologous platelet-rich fibrin for the treatment of infertility with intrauterine adhesions. J. Obstet. Gynaecol. Res. 47 (11), 3883–3894. doi:10.1111/jog.14964
 Xu, S., Ma, Q., Zhang, Y., An, Y., He, W., Ma, Y., et al. (2024). Effect of intrauterine perfusion of granulocyte colony-stimulating factor on endometrium and blood flow parameters in patients with thin endometrium: a prospective controlled clinical trial. Sichuan Da Xue Xue Bao Yi Xue Ban. 55 (3), 574–579. doi:10.12182/20240560504
 Yang, D., Dai, F., Yuan, M., Zheng, Y., Liu, S., Deng, Z., et al. (2021). Role of transforming growth factor-β1 in regulating fetal-maternal immune tolerance in normal and pathological pregnancy. Front. Immunol. 12, 689181. doi:10.3389/fimmu.2021.689181
 Yang, Y., Zhang, W., Wang, X., Yang, J., Cui, Y., Song, H., et al. (2023). A passage-dependent network for estimating the in vitro senescence of mesenchymal stromal/stem cells using microarray, bulk and single cell RNA sequencing. Front. Cell Dev. Biol. 11, 998666. doi:10.3389/fcell.2023.998666
 Yu, P., Zhai, Z., Jin, X., Yang, X., and Qi, Z. (2018). Clinical application of platelet-rich fibrin in plastic and reconstructive surgery: a systematic review. Aesthetic Plast. Surg. 42 (2), 511–519. doi:10.1007/s00266-018-1087-0
 Zhang, Z., Zhang, P., and Xiang, L. (2016). The effects of platelet-rich fibrin on the osteogenic differentiation of human adipose-derived stem cells. Mol. Med. Rep. 13 (4), 2757–2763. doi:10.3892/mmr.2016.4870
 Zhao, X., Zhao, Q., Zhu, X., Huang, H., Wan, X., Guo, R., et al. (2020). Study on the correlation among dysbacteriosis, imbalance of cytokine and the formation of intrauterine adhesion. Ann. Transl. Med. 8 (4), 52. doi:10.21037/atm.2019.11.124
 Zhou, Y., Shen, H., Wu, Y., Zhao, X., Pei, J., Mou, Z., et al. (2020). Platelet-rich plasma therapy enhances the beneficial effect of bone marrow stem cell transplant on endometrial regeneration. Front. Cell Dev. Biol. 8, 52. doi:10.3389/fcell.2020.00052
 Zwittnig, K., Kirnbauer, B., Jakse, N., Schlenke, P., Mischak, I., Ghanaati, S., et al. (2022). Growth factor release within liquid and solid PRF. J. Clin. Med. 11 (17), 5070. doi:10.3390/jcm11175070
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Yuan, Li, Du, Liu, Wang and Hao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-12-1445928-g005.gif





OPS/images/fcell-12-1445928-g006.gif





OPS/images/fcell-12-1445928-g003.gif
‘Absorbance(430 OD)

‘Absorbance{450 OD)

TEM)

TIMEM)

-
- R
10eRe
1aaPRs

-
.
- uaRp
R





OPS/images/fcell-12-1445928-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Effects of platelet-rich fibrin on human endometrial stromal cells behavior in comparison to platelet-rich plasma		Introduction

		Methods

		Results

		Discussion

		1 Introduction

		2 Materials and methods		2.1 Volunteer recruitment

		2.2 Preparation of PRP

		2.3 Preparation of PRF

		2.4 Isolation, culture and identification of primary hESCs

		2.5 Preparation of conditioned medium

		2.6 Cell proliferation assay

		2.7 Cell migration assay

		2.8 Real-time PCR

		2.9 Release of growth factors from PRP and PRF

		2.10 Statistical analysis





		3 Results		3.1 Characterization of PRF

		3.2 Characterization of hESCs

		3.3 Proliferative effects

		3.4 Migration effects

		3.5 Gene expression

		3.6 Growth factor release curve





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
’ frontiers | Frontiers in Cell and Developmental Biology

Effects of platelet-rich fibrin on
human endometrial stromal
cells behavior in comparison to
platelet-rich plasma





OPS/images/fcell-12-1445928-g001.gif





OPS/images/fcell-12-1445928-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





