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Intrauterine adhesion (IUA), also referred to as Asherman Syndrome (AS), results from uterine trauma in both pregnant and nonpregnant women. The IUA damages the endometrial bottom layer, causing partial or complete occlusion of the uterine cavity. This leads to irregular menstruation, infertility, or repeated abortions. Transcervical adhesion electroreception (TCRA) is frequently used to treat IUA, which greatly lowers the prevalence of adhesions and increases pregnancy rates. Although surgery aims to disentangle the adhesive tissue, it can exacerbate the development of IUA when the degree of adhesion is severer. Therefore, it is critical to develop innovative therapeutic approaches for the prevention of IUA. Endometrial fibrosis is the essence of IUA, and studies have found that the use of different types of mesenchymal stem cells (MSCs) can reduce the risk of endometrial fibrosis and increase the possibility of pregnancy. Recent research has suggested that exosomes derived from MSCs can overcome the limitations of MSCs, such as immunogenicity and tumorigenicity risks, thereby providing new directions for IUA treatment. Moreover, the hydrogel drug delivery system can significantly ameliorate the recurrence rate of adhesions and the intrauterine pregnancy rate of patients, and its potential mechanism in the treatment of IUA has also been studied. It has been shown that the combination of two or more therapeutic schemes has broader application prospects; therefore, this article reviews the pathophysiology of IUA and current treatment strategies, focusing on exosomes combined with hydrogels in the treatment of IUA. Although the use of exosomes and hydrogels has certain challenges in treating IUA, they still provide new promising directions in this field.
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1 INTRODUCTION
IUA causes excessive damage to the endometrium, which results in the formation of fibrous tissue and fibrous tissue bands in the uterine cavity wall, resulting in scar-free repair obstacles (Kou et al., 2020b). It has been clinically confirmed that the incidence of IUA in pregnancy accounts for about 15%–20%, which is a possible complication after abortion, and its risk increases with the number of abortions (Hooker et al., 2014). Repeated abortions and curettage are considered risk factors for adhesion formation (Hooker et al., 2014; Hooker et al., 2021).
The endometrium is composed of an upper functional layer and a lower basal layer. The functional layer falls off during menstruation and after childbirth, whereas the lower basal layer produces a new functional layer that maintains endometrial integrity (Owusu-Akyaw et al., 2019; Lv et al., 2021). The transformation of epithelial and mesenchymal cells is called epithelial-mesenchymal transformation (EMT) (Crha et al., 2019; Owusu-Akyaw et al., 2019). Type 2 EMT is associated with wound healing, tissue regeneration, and fibrosis (Marconi et al., 2021). Studies have shown that transforming growth factor beta-1 (TGF-β1), Wnt, Snail, Hippo, and other signal transduction pathways are involved in EMT, which may lead to an imbalance in this process by regulating the corresponding target molecules, thus aggravating the formation of IUA (Zhu et al., 2019; Cao et al., 2020).
Currently, the treatment of IUA mainly includes TCRA, physical barriers, drugs to assist endometrial growth, tissue membrane transplantation, and MSCs transplantation (Kou et al., 2020b; Chen et al., 2021). MSCs transplantation has broad prospects, such as bone marrow mesenchymal stem cells (BMSCs), umbilical cord mesenchymal stem cells (UC-MSCs), adipose-derived mesenchymal stem cells (ADMSCs), human amniotic mesenchymal stromal cells (hAMSCs), and endometrial mesenchymal stem cells (eMSCs), which are used in soft- and hard-tissue regeneration engineering (Benor et al., 2020; Rungsiwiwut et al., 2021; Gharibeh et al., 2022). However, the potential tumorigenicity, teratogenicity, inconvenience of transport and storage, and viability of MSC-based therapies have affected the clinical application (Benor et al., 2020).
Extracellular vesicles (EVs), also known as exosomes, have a diameter of 30–150 nm and are frequently found in various bodily fluids, including blood, urine, saliva, and breast milk (Kalluri and LeBleu, 2020). EVs can be divided into different types based on the mechanism of vesicle production, biophysical or biochemical properties, and receptor composition. The most common types include exosomes, microvesicles and apoptotic bodies. Under normal or pathological conditions, exosomes containing a series of bioactive molecules such as lipids, proteins, and nucleic acids (mRNA, miRNA, and DNA), can regulate the characteristics of target cells (Kalluri and LeBleu, 2020). MSC-derived exosomes are essential for intercellular communication (Bian et al., 2022), which can reduce the defects of MSCs therapy as a cell-free therapy, but also possess certain limitations that they can be removed from the application sites quickly and only exist for a short period of time. Thus, exosomes require a drug delivery system to prolong the treatment time (Zhou et al., 2022). At present, several drug delivery carriers have been reported, including intrauterine devices (IUDs) or Foley balloon catheters, hydrogels, collagen scaffolds, cell sheet engineering, and 3D printing scaffolds, which reduce the frequency of intrauterine administration to avoid repeated intrauterine operations that aggravate the formation of adhesions (Kou et al., 2020b; Ma et al., 2021). Therefore, tissue engineering technology has broad application prospects as a drug delivery system that can help repair damaged tissues by creating a microenvironment similar to the extracellular matrix (ECM).
In general, the aqueous solution containing EVs can be injected directly into the circulatory system to enhance tissue repair, but it is difficult to retain the free EVs in the target area, thus limiting their full functions. In contrast, biomaterial-based release systems for EVs enable precise repair of damaged tissue sites in a dose and time-dependent manner that is under control (Zou et al., 2023). However, not all biomaterials can successfully carry EVs. Studies have shown that chemical, alkaline, thermal, and photo-crosslinking can enhance the binding between EVs and materials. To extend the duration of the effect time of exosomes on the injured site, exosomes and hydrogel can be introduced into the uterine cavity by constructing a hydrogel stent, which can achieve the purpose of treating IUA and improve the subsequent pregnancy rate (Figure 1). However, owing to periodic changes in the endometrium, the demand for optimal drug release must be met before the next menstruation, which requires a higher hydrogel requirement, including internal pore size, biocompatibility, and degradation time.
[image: Figure 1]FIGURE 1 | Schematic description of an overview of exosomes and hydrogel in the treatment of IUA. Exosomes are loaded on hydrogels and the mixture is injected into the uterine cavity to continuously release exosomes at the injured site to play a therapeutic role. The potential mechanisms of treatment in IUA are described: (a) anti-inflammatory, (b) promotion of angiogenesis, and (c) promotion of endometrial cell proliferation.
2 PATHOGENIC FACTORS ASSOCIATED WITH IUA
The essence of IUA is endometrial fibrosis caused by trauma or infection. The normal matrix and epithelium are replaced by non-vascular fibrous tissue, spindle myofibroblasts, and inactive cubic columnar glands. As myofibroblasts are the primary producers of ECM, excessive buildup of ECM outside the cells exacerbates the development of endometrial fibrosis (Wei et al., 2020). Upon infection, inflammatory factors damage endometrial stem cells and limit their ability to repair the uterine cavity (Puente Gonzalo et al., 2021). This pathological change involves a variety of molecular mechanisms such as EMT (Hu M. et al., 2020; Cao et al., 2020; Yuan L. et al., 2022) and an imbalance in immune system regulation (Marofi et al., 2021).
EMT is an indispensable morphological process in the development and multi-function regulation of MSCs, but it is also activated in pathological environment such as cancer and fibrosis (Grant and Kyprianou, 2013). The dynamic transformation of EMT is jointly modified by the transcription, post-transcription, translation, and post-translational regulation of multiple signaling pathways (Kanlaya et al., 2022). Epithelial cells acquire a mesenchymal phenotype via EMT, which is required for tissue regeneration and embryonic development. This results in the loss of the epithelial marker (E-cadherin) and an increase in the mesenchymal marker (N-cadherin) (Grant and Kyprianou, 2013). The TGF-β1, Wnt, Snail, and Hippo pathways are interrelated and participate in the EMT.
Simultaneously, IUA formation may also be regulated by the immune system, which involves a dynamic balance between M1 and M2 macrophages in anti-inflammation and pro-inflammation (Kwak et al., 2022). As we know, the periodic stripping and regeneration of the endometrium is a dynamic process (Weimar et al., 2013). Unlike general damage repair, it does not result in scar formation. The damage itself involves the repair of the immune system. As the first barrier, macrophages perform irreplaceable functions during emergencies (Boniakowski et al., 2017). At the initial stage, M1 macrophages contribute to the secretion of pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1α (IL-1α), IL-1β, and IL-6, which in turn accelerate the polarization of M2 macrophages and secrete anti-inflammatory cytokines such as IL-10, TGF-β1, and vascular endothelial-derived growth factor (VEGF) (Hu et al., 2018; Hu J. et al., 2020; Arabpour et al., 2021). Macrophage dysfunction can lead to fibrosis and inflammation (Wu et al., 2018). Abnormal activation of fibrosis is related to the formation of new blood vessels, which are vital for the normal uterine menstrual period (Song et al., 2021).
3 CURRENT TREATMENT STRATEGIES FOR IUA
3.1 Transcervical adhesion electroreception (TCRA)
Hysteroscopy is divided into diagnostic and surgical hysteroscopy for gynecological diagnosis and treatment. When hysteroscopic surgery is performed in patients with IUA, secondary damage to the uterine cavity caused by the use of surgical instruments cannot be ignored (Bosteels et al., 2015). Monopolar and bipolar instrumentation may lead to electrical damage to the uterine cavity and adjacent organs, such as the bladder and rectum, due to the proximity of the uterus. Thus, timely treatment must be taken (Cholkeri-Singh and Sasaki, 2016). For patients with pregnancy needs, a second pregnancy after hysteroscopic surgery increases the risk of preterm birth, intrauterine growth delay, and prenatal death (Bradley, 2002).
Before the introduction of hysteroscopy, blind dilation and curettage (D&C) were the first choices; however, the risk of uterine perforation caused by D&C has increased (Conforti et al., 2013). With advancements in surgical techniques, TCRA has become the gold standard for the treatment of IUA. Cutting off the fiber bridge between adherent uteri can restore the normal function of the uterine cavity, prevent recurrence, and promote endometrial regeneration. However, the recurrence rate of moderate and severe adhesions is very high (Warembourg et al., 2015; Dreisler and Kjer, 2019). MF et al. obtained a 95% recurrence rate of IUA by observing recovery of the endometrial cavity in patients with AS after TCRA (Salazar et al., 2017). After TCRA treatment, menstruation recovery, improvement in adhesion score, and pregnancy are key factors in evaluating the success of the operation (Khan and Goldberg, 2018). The purpose of IUA treatment is to release adhesions and prevent recurrence; therefore, prevention of adhesion reformation is the key to successful treatment.
3.2 Estrogen
The endometrium is histologically divided into functional and basal layers, with a thick and spongy layer covering approximately two-thirds of the surface. These layers are collectively referred to as functional layers and are influenced by ovarian sex hormones. The basal layer comprises one-third of the endometrium near the myometrium, which is unaffected by ovarian sex hormones and does not change periodically (Hapangama et al., 2015; Long and Colson, 2021). During human menstruation, only the functional layer of the endometrium facing the uterine cavity falls off, whereas the basal layer facing the myometrium remains unaffected by hormonal changes. After menstruation, estrogen secreted by the ovary stimulates the proliferation of the endometrial basal layer to reconstruct the exfoliated functional layer in the proliferative or follicular phases. If the damage reaches the basal layer, it is usually irreversible because of a decrease in the estrogen receptor, accompanied by the formation of fibrosis (Yu et al., 2022). The endometrium falls off and proliferates periodically under the action of estrogen. Intrinsic stem or progenitor cells in the endometrium develop new activities, differentiating into epithelial cells and stromal cells and promoting endometrial reconstruction for blastocyst implantation (Cen et al., 2022).
As a hormone commonly used to assist endometrial growth, estrogen is widely used to treat IUA before and after surgery (Johary et al., 2014). According to one study, preoperative estrogen application can reduce the preoperative American Fertility Society (AFS) score, which is the criteria for evaluating the severity of uterine adhesions in women, and the number of operations, and improve rates of fertility (Zhang L. et al., 2019). However, according to other clinical studies, the incidence or severity of adhesion reformation does not seem to be reduced by estrogen after surgery, regardless of the severity of pre-existing IUA. There was no difference between estrogen treatment at the third hysteroscopy and the postoperative adhesion reconstruction rate and AFS score (Yang et al., 2022). Compared with the use of estrogen alone after surgery, combined medication after surgery plays a more significant role in promoting endometrial repair and pregnancy in IUA patients, such as aspirin combined with estrogen medication (Chi et al., 2018).
3.3 Other treatment strategies in IUA
The use of IUDs is a safe and effective method of contraception that is used clinically as a physical barrier to prevent adhesion after uterine procedures (Long and Colson, 2021). According to a meta-analysis, IUDs improve outcomes for IUA patients, but for best results, especially in patients with moderate to severe IUA, they must be used in conjunction with other adjuvant therapies (Salma et al., 2014). In the combination treatment, IUDs combined with Foley balloon catheter has achieved good results in preventing adhesion formation and preserving the newly separated uterine cavity walls for later endometrial regeneration (Huang X. W. et al., 2020).
Platelets are anucleated cell fragments released by megakaryocytes (2∼3 μm diameter). Under normal physiological conditions, factors in platelet granules coordinate with local cells to promote tissue repair (Bos-Mikich et al., 2018; Scully et al., 2018). Platelet-rich plasma (PRP) is widely known for its ability to enhance the endometrial environment, secreting growth factors and other cytokines that activate fibroblasts and recruit leukocytes to the injury site, inducing and regulating the proliferation and migration of other cell types involved in uterine tissue repair, and influencing the reactivity of vascular and other blood cells in angiogenesis and inflammation, enhancing the endometrial environment, as demonstrated in animal studies (Goncalves et al., 2020). Jang et al. (2017) studied the therapeutic effects of PRP in damaged endometria using an experimental model of ethanol-induced injury in rats. They found that intrauterine application of autologous PRP promoted and expedited endometrial regeneration and reduced fibrosis. Extracorporeal shock wave therapy and PRP have also been used in a rat model of IUA during preventative and therapeutic stages (Cheng et al., 2022). In a clinical trial on the treatment of refractory endometrium with PRP as an adjuvant for endometrial preparation, 19 patients with refractory endometrium were recruited and PRP was introduced into the uterine cavity. It was found that endometrial thickness increased, and positive pregnancy tests, clinical pregnancy, and live births were obtained (Zhang S. et al., 2019).
MSCs are pluripotent cells that can self-renew and differentiate into many cell types, which are essential for tissue repair and regenerative therapy (Fu et al., 2019). MSCs can differentiate into cells of mesodermal origin, which occurs in the embryo from which the endometrium originates. MSCs are commonly derived from the bone marrow; however, recent studies have shown that MSCs can be successfully isolated from adipose tissue, umbilical cord (Malhotra et al., 2016), menstrual blood, and other tissues, demonstrating the initial safety and effectiveness profiles in the resumption of menstruation, fertility outcomes, and endometrial regeneration (Benor et al., 2020). Two types of MSCs have been reported to have potential applications in IUA treatment, which are BMSCs and UC-MSCs. Firstly, the efficacy of BMSCs in cell therapy depends on their ability to homing and long-term implantation into the injured site. The contribution of BMSCs in promoting new angiogenesis has been confirmed in animal models, but human clinical trials are not widely applied (Zhuang et al., 2022). Previous reports showed that the number of CD34+, C-kit+, or Flk-1+ cells, and the markers of endothelial lineage cells had increased in the wound healing process after the treatment of BMSCs conditioned medium (Wu et al., 2007). By analyzing the expression of a large number of angiogenic cytokines, such as VEGF-A, IGF-1, PDGF-BB, and Ang-1 in a conditioned medium of BMSCs, it was found that BMSCs might promote the recruitment of endothelial cells (ECs) and endothelial progenitor cells (EPCs) by secreting angiogenic cytokines (Chen et al., 2008). Secondly, UC-MSCs isolated from the umbilical cord have strong self-renewal and proliferation activities. Moreover, the low immunogenicity and non-tumorigenicity features make UC-MSCs promising bio-materials that also avoid ethical issues (Song et al., 2021; Feng et al., 2022). A recent report showed that UC-MSCs could enhance endometrial cell spread and vascular revascularization while inhibiting excessive fibrosis and inflammation, thereby having the potential to repair damaged endometrium and restore fertility (Zhang et al., 2018). In vitro studies showed that when MSCs were co-cultured with macrophages induced by lipopolysaccharide (LPS), the number of M2 macrophages with an anti-inflammatory phenotype increased with the increased secretion of IL-10 and VEGF, suppressed production of TNF-α and IL-6 (Zhang S. et al., 2020). In another study that used the combination of UC-MSCs and collagen fibers, UC-MSCs may promote the degradation of collagen by upregulating the expression of matrix metalloproteinase 9 (MMP 9) in the system and the regeneration of endometrium and myometrium (Xu L. et al., 2017).
4 EXOSOME COMBINED WITH HYDROGEL IN THE TREATMENT OF IUA
Since the current treatment strategy is insufficient to improve the cure rate of IUA, it is imperative to develop new approaches to improve the intrauterine environment. Exosomes promote tissue repair and regeneration and play a functional role in paracrine signal transduction, similar to MSCs transplantation in the treatment of diseases (Xing et al., 2021; Ju et al., 2023). Exosomes have broad application prospects as a medium for intercellular communication; however, some challenges still remain. Simple exosome injections have insufficient interaction time to produce long-lasting effects and the unique shape of the uterus prevents the liquid mixture from remaining in the uterine cavity. Solving these problems requires an exosome carrier that is suitable for uterine cavity morphology. Conventional exosome carriers have certain drawbacks, such as low biocompatibility, immunogenicity, and mechanical instability. IUDs or Foley balloon catheters have a low biocompatibility for not fitting the uterine cavity well, amnion membrane may induce an immune response for its limited sources, the mechanical strength of ECM and cell sheet is too weak to keep their shape and easy to degrade (Kou et al., 2020a; You et al., 2022). Therapeutic cell delivery strategies have been developed to prevent and treat IUAs, including IUD, hydrogel, collagen scaffold, carrier-free cells, poloxamers, and decellularized extracellular matrix (dECM) (Kou et al., 2020b; Li X. et al., 2021). Currently, most research on the combined application of exosome and hydrogels in the treatment of IUA is still in the cell experimental stage and animal experimental stage, which has not entered clinical trials. However, reviewing these studies may provide potential applications in the treatment of IUA in clinics in the future.
4.1 Biological characteristics of MSCs-derived exosomes
Most cells produce exosomes for communication under physiological and pathological conditions (Yang et al., 2019). As a bridge for information exchange between cells, exosomes are secreted from cells through exocytosis, and a large number of biological signals such as lipids, proteins, and nucleic acids are transmitted to receptor cells (He et al., 2018). Therefore, exosomes present in biological fluids can be used for diagnostic and therapeutic properties (Mori et al., 2019; Zhang Y. et al., 2020; Isaac et al., 2021). Although many mechanisms of exosome biosynthesis have been identified, the most important is the endosomal sorting complex required for the transport (ESCRT). The ESCRT system consists of four components with auxiliary proteins that work synergistically and stepwisely to form the multivesicular bodies (Liang et al., 2021).
MSC-Exos play an important role in tissue damage repair and regeneration. Exosomes can be isolated from MSCs and the number of exosomes can be controlled at the injured site. Owing to their unique plasma membrane structure, exosomes maintain their biological activity at low temperatures, embed drug molecules, and deliver them to specific sites. The internal mRNA and miRNA form the basis of exosome function (Kou et al., 2022). By isolating exosomes from ADMSCs (ADMSC-Exos), BMSCs (BMSC-Exos), and UC-MSCs (UC-MSC-Exos), Hoang et al. (2020) found that all exosomes from these three sources promoted the proliferation and migration of target cells, tissue cells at the site of injury, and the effects of MSC-Exos on target cells varied in a dose-dependent manner. However, further research is needed to study the mechanism of MSC-Exos in the repair of tissue damage processes, particularly the relationship between the source and dose of exosomes and their target cells.
As the most commonly used MSCs, BMSCs have received considerable attention owing to their extensive origin, low immunogenicity, and lack of ethical controversy (Das et al., 2019). MSCs have been shown to increase endometrial cell spread and vascular revascularization while limiting excessive fibrosis and inflammation in recent research, healing damaged endometrium, and restoring fertility (Zhang et al., 2018). Subsequently, Nakao et al. (2021) revealed that exosomes isolated from MSCs promoted M2 macrophage polarization via the Wnt5a-mediated RANKL pathway. In another study on the combination of MSCs and collagen fibers, it was found that MSCs promoted the degradation of collagen by upregulating the expression of MMP9 in the system and increased the regeneration of the endometrium and myometrium (Xu L. et al., 2017).
4.2 Application of exosomes in the treatment of IUA
Although great progress has been made with exosomes in wound healing, their long-term treatment results in patients with IUA remain unclear (Bian et al., 2022). MicroRNAs (miRNAs) are regulatory non-coding RNA secreted by exosomes under the influence of the external environment and play a role in signal transmission (Lu et al., 2020; Li B. et al., 2021). Here, we have listed some miRNAs contributing to injury treatment and summarized their possible therapeutic mechanisms (Table 1). MSC-Exos have three functions in the treatment of IUA (Wu et al., 2018; Marofi et al., 2021; Bian et al., 2022). First, MSCs directly contact each other through exosomes by reducing the production of proinflammatory factors and increasing the expression of anti-inflammatory factors. This process involves macrophage polarization. Second, exosomes isolated from MSCs significantly reversed endometrial fibrosis through a series of signal transduction pathways such as TGF-β, Wnt, Snail, and Hippo. Finally, modification of MSCs to produce specific exosomes can enhance angiogenesis.
TABLE 1 | Summary of the research methods and possible mechanisms of exosomes and miRNAs from different sources in injury treatment.
[image: Table 1]Exosomes participate in immune regulation by regulating macrophage polarization, which is beneficial for angiogenesis, (Huang Y. et al., 2020; Li R. et al., 2022). He et al. (2019) found that inhibiting MSC-Exos decreased the number of M2 macrophages compared with normal MSC-Exos expression system in a co-culture system in vitro and in vivo. It indicates that MSCs could establish a relationship with macrophages by secreting exosomes and inducing polarization of M2 macrophages. MSC-Exos can accelerate the inflammatory process by decreasing the expression of pro-inflammatory factors and increasing the expression of anti-inflammatory factors at the site of injury (Guan et al., 2022). This promotes conversion between M1 and M2 macrophages, which accelerates endothelial cell regeneration and blood vessel formation (Lv et al., 2022). Ti et al. (2015) activated the expression of anti-inflammatory factors in UC-MSCs by inducing UC-MSCs with LPS and extracting exosomes from LPS pre-UC-MSCs (LPS pre-Exo). miRNA microarray analysis was used to obtain the miRNA expression profiles of LPS pre-Exo cells. Compared with exosomes isolated from UC-MSCs without the induction of LPS (LPS un-Exo), there were 40 miRNAs with significantly different expression levels. Using a hierarchical clustering graph (heat map) generated by TIGR multiple experimental viewers, five miRNAs were found to exist only in LPS pre-Exo. Analysis of the database revealed that Let-7b had the highest expression level among the five unique miRNAs of LPS pre-Exo. Let-7b regulates macrophage polarization via the TLR4/NF-κB/STAT3/AKT signaling pathway. Using LPS pre-Exo in the skin injury model of diabetic rats, it was found that LPS pre-exo markedly stimulated the emergence of new small capillaries and wound healing and increased M2 macrophage expression levels while decreasing M1 macrophage expression. Zhang et al. (2021c) found that UC-MSC-Exos promoted the proliferation, migration, angiogenesis, and differentiation of EPCs in vitro. Importantly, mechanistic research revealed that exosomal miR-21 secreted by UC-MSCs was a potential intercellular messenger that stimulated the NOTCH1/DLL4 pathway to promote EPCs’ function. Li X. T. et al. (2020) isolated exosomes from BMSCs to study their effects on the proliferation of microvascular ECs in rats. They found that BMSCs and BMSC-Exos treatment promoted the proliferation of ECs, but there was no significant difference between the two groups (p > 0.05), indicating that exosomes can be used as an alternative therapy for BMSCs in promoting angiogenesis. During endometrial injury, the persistent presence of M1 macrophages stimulates fibroblasts to secrete excessive ECM, which leads to IUA formation. According to another study, local injection of exosomes reduced pro-inflammatory factors secreted by macrophages, thereby inhibiting endometrial cell apoptosis and promoting tissue repair (Shi et al., 2020).
Exosomes have been implicated in uterine cavity injury with a role in anti-endometrial fibrosis, and the mechanism is mainly related to EMT (Wang H. et al., 2022). According to a previous study, injection of MSC-Exos into the myometrium of animals significantly increased the expression of CK19 and decreased VIM expression. Compared to the control group, the expression of TGF-β/Smad signaling pathway-related factors decreased, and after the fourth week of treatment, there was no significant difference between the exosome therapy and sham control groups (p > 0.05). This demonstrated that the TGF-β/Smad signal transduction pathway participated in the EMT process, and exosome therapy reversed the development of this transversion (Yao et al., 2019). When the endometrium is damaged, the presence of excessive pro-inflammatory factors interferes with the level of calcium ions, and the latter abnormality causes mitochondrial dysfunction, resulting in endoplasmic reticulum misfolding or accumulation of unfolded proteins, triggering endoplasmic reticulum stress (ERS), eventually leading to cell death, and IUA also occurs under this condition (Han et al., 2018; Liu J. et al., 2022). Further research showed that ERS may participated in the EMT process and promoted the occurrence of IUA through the TGF-β/SMAD pathway (Bao et al., 2023).
Surface modifications, including covalent and non-covalent modifications, give exosomes the characteristics to function at specific sites, and this can also be used as a carrier for carrying therapeutic drugs, most of which are used in cancer treatment (Salunkhe et al., 2020). Although there are no direct studies on the surface modification of exosomes in the treatment of IUA so far, some existing research provides insight into this field. A study by Tamura et al. (2017) extracted exosomes from MSCs and modified them with cationized pullulan to target cell surface glycoprotein receptors. These modified exosomes could better target the damaged site, which may provide certain potential application prospects in IUA. Recent studies have shown that genetic modifications remarkably enhanced the regeneration and angiogenic activity of MSC-Exos. Zhu et al. used an adenovirus vector to overexpress Cardiotropin-1 (CTF1), a cytokine in the IL-6 family (Martinez-Martinez et al., 2019), transfected it into BMSCs, and extracted exosomes (C-BMSCs-Exos) from BMSC overexpressing CTF1. Compared to control BMSCs (BMSC-Exos), C-BMSC-Exos significantly promoted the proliferation, migration, and tube formation of human umbilical vein endothelial cells (HUVECs) in vitro, promoted endometrial regeneration and restored fertility in a rat endometrial injury model (Zhu et al., 2022). Li X. et al. (2020) transfected BMSCs with a lentivirus encoded by CXCR4 and isolated exosomes. CXCR4 in BMSCs can further promote the proliferation and tube formation of endothelial angiogenesis. Studies have shown that exosomes overexpressing hypoxia-inducible factor 1-α (HIF-1α) significantly promote angiogenesis in ischemic heart disease, but research on endometrial injury has not yet been conducted (Sun et al., 2020). HIF-1α plays a crucial role in immune and inflammatory processes by regulating the expression of related genes (McGettrick and O'Neill, 2020). Exosomes isolated from MSCs after hypoxic preconditioning showed better results in angiogenesis, proliferation, and migration compared to those secreted under normoxic conditions, and further experiments confirmed the relationship between exosomal miR-126 and HIF-1α (Liu et al., 2020a). Therefore, these reported molecules may have potential research value in models of uterine cavity injury that need further study.
4.3 Hydrogels’ bio-characteristics and application in the treatment of IUA
The natural ECM, which has been widely used as a support for stem cell adhesion, migration, differentiation, and proliferation (Xin et al., 2020), is mainly composed of two major macromolecules proteoglycan and fibrin. Owing to its unique buffering, hydration, binding, and load-bearing properties, proteoglycan fills most of the gaps in the tissue in the form of a hydrogel (Padhi and Nain, 2020). Similar to the ECM, hydrogels maintain structural integrity through physical and chemical actions, which make them cell carriers and conducive to creating a microenvironment suitable for cell growth (Wang and Wang, 2021; Jin et al., 2022). Hydrogels are highly crosslinked macromolecular hydrated networks. This soft and humid material decomposes while performing its functions owing to its constant water absorption and loss characteristics (Cheng et al., 2021). Generally, they are defined as polymer systems that can expand in water, retain at least 20% water in their 3D structures, and are insoluble in water (Sharma and Tiwari, 2020). Natural and biosynthetic hydrogels with biological activities and functions can be used not only as biomaterials to prevent IUA but also as carriers for hormone drugs, growth factors, and MSCs to maximize benefits for the recovery of the uterine cavity (Wang J. et al., 2021) (Table 2). Thus, good injectability, stability, biodegradability, low storage modulus, and excellent biocompatibility must be considered for using such biomaterials in endometrial injury (Wang et al., 2020; Lopez-Martinez et al., 2021; Wang L. et al., 2022). Additionally, some hydrogels have the advantages of preventing infection, absorbing wound fluid, and providing gas exchange (Mao et al., 2017). Developing injectable self-healing adhesive hydrogels with built-in antibacterial activity for drug administration is essential and encouraging for promoting healing after TCRA.
TABLE 2 | Summary of biomaterial-based hydrogels as a delivery system to deliver drugs in the repair of endometrial injury.
[image: Table 2]Recently, as a vehicle for drug delivery, hydrogels have shown great potential in endometrial regeneration to regulate the abnormal physical environment of the IUA. However, the use of bioactive hydrogels to encourage endometrial tissue regeneration is currently in the exploratory phase (Avila-Salas et al., 2019). The hydrogel used for IUA must accommodate the inverted pear-shaped uterine cavity structure and adhere to the damaged area for a certain period to prevent re-adhesion (Khayambashi et al., 2021). A meta-analysis of randomized studies found that utilizing hydrogels considerably decreased the frequency of moderate-to-severe IUA, but had no effect on mild IUA. A much higher pregnancy rate has also been linked to this finding (Liu Y. R. et al., 2022). However, two other clinical trials of the application of hydrogels seemed to produce different results that the menstrual pattern after mild to moderate IUA did not improve (Zhou et al., 2021; Guo et al., 2022). Therefore, the clinical application of hydrogels after uterine injury requires further research to guide subsequent treatments.
Interestingly, physical or chemical crosslinking can also change the mechanical properties of hydrogels such as hydrophobic interactions, hydrogen bonding, polymerization entanglement, and π–π stacking (Sharma and Tiwari, 2020; Cao et al., 2021; Cha et al., 2022). Gao et al. (2022) prepared an injectable H-HPMA hydrogel via free radical polymerization of methacrylate hyaluronic acid (HA-GMA) and N-(2-hydroxypropyl) methylacrylamide (HPMA) monomers in an aqueous solution. Many reversible hydrogen bond networks provide a strong antifouling ability. It exhibits excellent self-fusion, antifouling, and injection performances. Further studies have shown that it can repair peritoneal injury in rats and shorten peritoneal healing time. The PEBP/PEG hydrogel also suppressed the proliferation of fibroblasts through π-π accumulation by regulating the expression and interactions of TGF-β1and Muc-4, and the in vivo preventive effect of the PEBP/PEG hydrogel on fibrosis prevention and pregnancy-promoting effects was obvious (Wang B. et al., 2021). Lin et al. (2021) used a PDE hydrogel and exosomes isolated from adipose stem cells (ADSC-Exos) to crosslink through Ag-S coordination and designed an exosome-hydrogel system with microenvironment-protective properties that can promote endometrial regeneration and fertility recovery. In vitro, this system was used to measure the tubulogenesis, migration, and proliferation of HUVECs, and was found to enhance their angiogenic ability. In a rat model of endometrial injury, by assessing intrauterine embryo implantation rate at 18 days gestation, ADSC-Exo hydrogel groups were found to promote endometrial regeneration compared to the sham operated control group.
Certain hydrogels exhibit sol-gel transitions in response to environmental factors, such as temperature, pH, and light (Xiao et al., 2021). Under physiological conditions, the pH of the vagina and cervix is slightly acidic, and when pathological factors affect the reproductive system, its microecology is destroyed. Therefore, the application of pH-responsive hydrogels in the treatment of uterine injury is crucial. Hydrogels with unique thermosensitive properties have also been developed, which exist in the form of liquids at low temperatures and semi-solid gels at high temperatures, such as poloxamers and Pluronic F-127, which also absorb secretions on the wound surface to maintain a moist and sufficient healing environment (Yang et al., 2020). However, it is difficult for these biodegradable hydrogels to maintain their shape in complex organisms, especially when wounds are very large. Therefore, hydrogels can be reasonably combined with scaffolds to achieve good compatibility and mechanical properties (Ji X. et al., 2020). 3D-printed poly (ε-caprolactone) scaffold was designed to form a composite scaffold, which combines an injectable thermosensitive chitosan hydrogel with a scaffold that has a porous structure and good mechanical strength, thus providing strong support for the hydrogel. The hybrid scaffold provides an environment for MSCs to grow while allowing new tissues to grow (Dong et al., 2017).
In the meanwhile, the development of 3D printing technology in tissue engineering has resulted in significant prospects. Hydrogels have gradually emerged from the public perspective as raw materials for printing. It must have the following characteristics. Firstly, the printability and crosslink ability require hydrogel prepolymers to have a certain surface tension to maintain specific morphological structures. Secondly, they should have mechanical properties, including strain, shear stress, compressive modulus, and mass swelling ratio, which together create a stable environment for cell adhesion, proliferation, and differentiation. Finally, biocompatibility and controllability of degradation mean that no exclusion reaction occurs with the host in a specific environment, and hydrogels need a degradation time similar to that of the ECM and have no toxic effects on cells (Mandrycky et al., 2016; Shen et al., 2022). The porous structure of the hydrogel can carry drugs, whereas the printed 3D stent hydrogel can adapt to the complex intrauterine environment to provide support, which combined together to promote injury recovery (Abdollahiyan et al., 2020). Some related studies have made some progress in this field. Liu et al. (2021) used phenole-functionalized chitosan and dibenzaldehyde-terminated telechelic poly to form a self-healing hydrogel with a fast-gelling rate, good self-healing ability, and facile printability for 3D printing. The hMSCs were then embedded in the hydrogel and the cytotoxicity of the hydrogel was evaluated by live/dead cell staining. hMSCs proliferation was evident after 24 h of cultivation. An in vitro study used MSCs to co-culture with alginate-hyaluronic acid hydrogel-based two-layer endometrial structure based on 3D bioprinting technology, and the effects of the material on the proliferation and toxicity of L929 cells were evaluated by live-dead assays and CCK-8 assays. It was found that the co-culture system could improve the biological activity of the cells by promoting endometrial functional regeneration and postoperative pregnancy reproductive outcome in a partial full-thickness uterine excision rat model (Nie et al., 2023). In recent years, several novel hydrogels, such as silk fibroin hydrogels (Hong et al., 2020), nano-polysaccharide self-healing hydrogels (Heidarian et al., 2022), heterogeneous hybrid hydrogels (Xu et al., 2022), and methylated hydroxynic acid (MeHA) with gelatin methacryloyl (GelMA) (Bittner et al., 2021) have been used as 3D-printed materials to repair tissue damage and have achieved certain results in preclinical research.
4.4 Combined application of exosomes and hydrogels in the treatment of IUA
The delivery of a large number of exosomes to the injury site is crucial for IUA repair. Different types of biomaterials such as hydrogels, films, and foams can be used as delivery systems for exosomes. They are composed of natural or synthetic polymers, such as alginate, chitosan, collagen, and gelatin. Alginate has greater chemical flexibility compared to other biocompatible degradable materials and more closely mimics the physical properties of mammalian ECM, but its mechanical strength is insufficient to allow physical loading, and degradation is relatively rapid. Therefore, the combined use of biomaterials to overcome the limitations of a single material is essential. In contrast to other tissue injuries, owing to the special morphology of the uterine cavity, exosomes injected in the origin injury sites would still flow out of the body along the vagina that impair their therapeutic functions. Although many drug delivery systems have emerged in recent years, compared to clinical practice, the emergence of hydrogels has great application prospects. The therapeutic advantage of hydrogels is that they continuously release exosomes at the injured site, thus maintaining a high local drug concentration for a long period and reducing repeated drug administration in clinical practice. Therefore, they may become a promising drug based on exosomes for treating IUA (Pan et al., 2020; Wang J. et al., 2022). Traditional hydrogels are prone to changes in their mechanical properties under external pressure in a complex physiological environment due to their incomplete compatibility with the damaged site. However, some hydrogels have excellent self-healing properties, which make them better to make a difference at the site of injury. In one study, the use of self-healing hydrogels to carry exosomes resulted in better therapeutic outcomes than treatment with exosomes alone. The HUVECs mobility and microvascular density were significantly different between the two groups (p < 0.05). H&E and Masson’s Trichrome Staining revealed inconspicuous tissue immune rejection (Wang et al., 2020). Here, we summarize some applications of exosomes combined with hydrogels in damaged tissue repair (Table 3), and the model diagram of the combined exosome-hydrogel therapy mechanism was illustrated in Figure 2.
TABLE 3 | Research progress of exosomes combined with hydrogels in different diseases.
[image: Table 3][image: Figure 2]FIGURE 2 | The model diagram of exosomes combined with hydrogels therapy for IUA is as follows: (A). After the endometrial and stroma were damaged, inflammatory cells infiltrated, collagen fibers replaced normal tissues, the number of glands and blood vessels was reduced and bacteria polluted; (B). After the injection of exosomes and hydrogels, the uterus began to repair, and endometrial progenitor cells migrated to the injured site and differentiated into epithelial cells and stromal cells, and inflammatory cells played an anti-inflammatory role to promote tissue repair and increase angiogenesis; (C). Uterine cavity returned to normal.
Many studies have explored hydrogels as carriers to load cells or drugs to promote target cell proliferation and blood vessel formation. It seems that temperature-sensitive hydrogels become the first choice for carrying cells, drugs, and exosomes in order to adapt to the intrauterine environment. The combined application of hUC-MSC-Exos and Pluronic F-127 hydrogels significantly accelerated the wound closure rate and cell proliferation of HUVECs compared with the control group via the wound healing assay and CCK-8 assay (Yang et al., 2020). In another study, hADSC-Exos were embedded in a Pluronic F-127 hydrogel, and wound healing was accelerated by enhancing angiogenesis and collagen remodeling using immunostaining analysis (Zhou et al., 2022). Pluronic F-127 has been approved for human use by FDA owing to its low toxicity, biocompatibility, and thermal reversibility, and it exerts no effect on cell survival and proliferation (Yang et al., 2017). An increasing number of studies have shown that the combination of hydrogels with different therapies renders drug delivery systems more powerful. Wang et al. (2019) developed an injectable self-healing polypeptide hydrogel. The gel exhibited inherent antibacterial activity and pH-responsive long-term exosome release. Through the combined application of Pluronic F-127, oxidative hyaluronic acid, and EPL, exosomes can be better constructed in the hydrogel and released into the damaged site in a weakly acidic environment.
The use of natural or synthetic hydrogels alone still has limitations in promoting the regeneration of damaged tissues; therefore, the combination of a variety of bioactive materials has great potential for future studies. Further research has demonstrated the broad prospects of multifunctional hydrogels as drug delivery systems. A novel in situ injectable HA@MnO2/FGF-2/Exos hydrogel, which forms a protective barrier covering the wound, increases the antibacterial activity of the wound surface (Xiong et al., 2022). In addition, the use of hydrogels as materials for 3D printing results in improved mechanical properties and cell compatibility. According to a study, MeHA is widely used to make raw materials for 3D printing. Compared to traditional hydrogels, 3D-printed MeHA has better mechanical properties, swelling properties, and biocompatibility. As a delivery material carrying hMSC-Exos, it not only adapts to wound damage but also extends the action time of exosomes at the injury site (Ferroni et al., 2022). Due to the wide application of MeHA in 3D printing, researchers used MeHA and ECM photo-crosslinked at 37° as printing ink (Li C. et al., 2022), GelMA as the mixed bio-ink (Hossain Rakin et al., 2021), from which we have learned these studies demonstrate the potential value of MeHA as a 3D-printed biomaterial and its powerful ability as a drug delivery system in delivery cells and exosomes.
5 CONCLUSION AND FUTURE PERSPECTIVES
The treatment of IUA is mainly through surgery currently, however, IUA formation may be aggravated after surgery in patients with moderate-to-severe IUA. Therefore, appropriate adjuvant treatment is important for reducing the occurrence of re-adhesions after surgery. However, common treatment strategies include the use of hormones, PRP, hydrogel, IUDs, and Foley balloon catheters alone or in combination cannot significantly improve the recovery of patients after surgery. Although MSCs transplantation has shown obvious effects in clinical practice, the potential tumorigenicity and immunogenicity of MSCs remain controversial. Recent research reveals that MSC-Exos have the potential to serve as a bridge for information exchange in MSCs treatments, thus exosomes isolated from MSCs may solve the problems arising from MSCs therapy. Due to the special structural properties of uterine cavity, exosomes alone are hard to exist and function for a long time in the injured site, thus biocompatible carriers should be considered in the applications of exosomes.
The emergence of biocompatible hydrogels has created an external environment similar to that of the ECM for exosomes and has achieved remarkable effects on tissue damage and regeneration. Biomacromolecule hydrogels have a variety of unique properties that enable them to be used in various fields, such as biomedical, industrial, environmental, and agricultural fields. However, owing to the particularity of the uterine cavity, a 3D-printed scaffold can be set up according to the inverted pear shape of the uterine cavity to adapt to its structure in the uterine cavity. Thus, the application of hydrogels in 3D printing can be an advanced technology to load exosomes that continuously release exosomes. Despite some difficulties and challenges that remained in manufacturing, 3D printing has shown great potential in tissue engineering applications with a bright future.
According to the current research and prospects, we mainly discuss three aspects in this review, hoping to give new insights into the future treatment strategies of IUA. Firstly, by studying the pathological mechanism of IUA, it can be seen that periodic exfoliation and repair of normal endometrium is a dynamic process. Different from general injury, there is no scar formation, which involves complex physiological and pathological processes. Here we discussed the pathological mechanism of fibrosis, EMT, and inflammation. Secondly, hydrogels are not only used as a single carrier for drug transportation but also create a favorable microenvironment for tissue repair due to their excellent biocompatibility. Therefore, how to design a bioactive hydrogel that has good properties such as appropriate pore size, injectability, biodegradability, and biocompatibility should be considered in the early research design. In addition, when it comes to clinical applications, other problems such as preventing infection, absorbing the wound fluid, and providing gas exchange should also be tested. Finally, exosomes, as the bridge of information transmission in MSCs, overcome the shortcomings of MSCs and can be modified to enhance the therapeutic effect. So genetic modifications of MSC-Exos strategies are promising for the development of IUA treatment. In conclusion, the combination of biomaterials such as hydrogels with exosome delivery technology and tissue engineering technology is expected to solve the bottleneck of currently available clinical IUA treatment.
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