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			Abstract

			Stem cell therapy has received significant attention as a novel therapeutic approach to restore intestinal function after ischemia-reperfusion (IR) injury. Necrotizing enterocolitis (NEC) is a catastrophic disease caused by a variety of factors occurring mostly in preterm infants. Although being extensively investigated in the past two decades, there have been no significant advancements in the management of this disease, emphasizing the urge for a novel therapeutic pathway. IR model of intestinal injury has been widely used as an indirect model of NEC, usually conducted by temporary occlusion of the intestinal blood supply. This review aims to illustrate the role of stem cell therapy in promotion of intestinal recovery following IR. Among the many identified stem cells to date, it is likely that mesenchymal and amniotic stem cells would be the most useful and practical cell-based therapies for this purpose. Using acellular components such as exosomes seems a promising technique as well. Future directions of cellular therapy in intestinal IR are currently being explored and might help stimulate future studies on the role of cellular therapy in NEC.
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			Introduction

			Intestinal ischemia-reperfusion (IR) injury remains a clinically challenging problem despite decades of research in this area. Causes of mesenteric ischemia such as necrotizing enterocolitis (NEC), midgut volvulus or incarcerated hernia and its major complication of gangrenous necrosis of portions of the gastrointestinal tract are well recognized by all pediatric surgeons [1]. Common to most critically ill patients the preservation of blood flow to vital organs occurs at the expense of blood flow to the intestine. Restoration of blood flow following intestinal ischemia is necessary to maintain cell function and viability; however, the reintroduction of oxygen can initiate a cascade of events that exacerbates intestinal damage through formation of radical oxygen species (ROS) and changes in lipid mediator synthesis [2]. The increased production of ROS, combined with decreased perfusion, contributes to endothelium damage [3], increased epithelial permeability [4], and gut barrier dysfunction leading to bacteria and bacterial products translocation into the systemic circulation. The dynamic process of enterocyte turnover following 

intestinal IR is mediated by the rates of crypt cell proliferation, cell migration along crypt-villus axis, and cell death via apoptosis channel. Intestinal stem cells (ISCs) are fundamental cornerstones in gut biology, ensuring homeostatic turn-over of intestinal epithelial cells and presenting a reserved number of cells that can be stimulated after tissue injury (such as IR) [5]. In addition to their ability to self-renew, ISCs differentiate into specialized cell populations which are confined to the crypt base and play a critical role in tissue maintenance and regeneration. Growing evidence points out into two ISCs populations: actively proliferating ISC (aISCs) and quiescent ISC thought to be activated upon injury and to act as reserve ISC (rICSs) [6]. Two hypotheses exist regarding the exact identity and location of the ISCs populations: the “4” position model counting from the bottom of the crypt directly above the Paneth cells, and the zone model identified as the crypt base columnar (CBC) cells between the Paneth cells. Experimental IR models, induced by vascular occlusion, demonstrated injury expressed as sloughing of epithelium at the villus tip progressing towards the crypt base, with an architectural preservation of the crypts [7]. These findings stand in line with the theory that following tissue insult the potent regeneration area is preserved, as the crypts are assumed to inhabit the ISCs. Nevertheless, every ICS population has probably a different role in this process; using a porcine model, Gonzalez et al. [8] have recently demonstrated that following 3-4h of ischemic injury aISCs underwent apoptosis, whereas rISCs remained preserved. Moreover, these rISCs were retained in ex vivo culture and appeared to provide a proliferative pool of cells during the recovery period [8].

			Various signaling cascades have been studied in the field of intestinal IR injury. These cascades are all involved in the control of ISC activity, proliferation, lineage commitment, terminal differentiation, and cell survival during tissue regeneration following IR. They are also involved in normal gut development. These signaling pathways include Wnt/β-catenin, Hedgehog, Bone morphogenetic protein (BMP) and Notch [9]. Our research group has demonstrated that 24h following IR, Hedgehog [10] and BMP [11] signaling pathways were inhibited, which correlated with inhibited cell turnover. Signs of intestinal recovery appeared 48h after IR and were then correlated with activated Hedgehog and BMP signaling pathways. A different study has demonstrated that Notch signaling was inhibited 48 h following intestinal IR injury [12]. These findings suggest that at the first phase of IR recovery intestinal stem cells differentiate towards secretory progenitors rather than absorptive cells. In a recent study, Li et al., [13] have shown that during experimental NEC, impaired ISCs activity was associated with inhibited Wnt/β-catenin signaling and impaired intestinal regeneration [13].

			Discussion

			In line with these findings, stem cell therapy has become a novel strategy for the treatment of intestinal IR. The ability of ISC to self-replicate, differentiate, prevent apoptosis and reduce inflammation has raised interest in the potential therapeutic value of these cells in IR and NEC. Jiang et al. have shown that intestinal treatment with mesenchymal stem cell (MSCs) decreases the severity of intestinal barrier injury and bacterial translocation and lowers the levels of serum lactate in a rat model of intestinal IR [14]. Umbilical-derived mesenchymal stromal cells (USCs) are isolated from the umbilical cord and are considered multipotent. USCs have been used successfully in animal models of IR and NEC [15]. Using human USCs, Jensen et al. [16] demonstrated that intraperitoneal USC therapy following intestinal IR injury improved mesenteric perfusion, prevented intestinal mucosal damage, and increased the production of certain inflammatory mediators associated with cell injury [16]. Amniotic fluid-derived stem cells (AFSs) can be cultured from amniotic fluid samples collected during routine amniocentesis or at planned caesarean section. Intraperitoneal injection of these cells has been shown to significantly reduce the incidence and severity of NEC, decrease histological signs of injury and lead to improved gut barrier function during experimental NEC [17, 18]. It has been discovered that certain cells contain organoids that secrete growth factor-containing vesicles called exosomes. These vesicles bind to target cells at the extracellular space and can manipulate signaling pathways or unload their contents into the target cells’ cytoplasm [19]. Nowadays, intestinal epithelial organoids can be cultured from intestinal crypts and have been recently used to study NEC progression in search for novel therapeutic treatments. Li et al. [13] used mice and human models to provoke NEC induced disruption of the intestinal Wnt-ISC-regeneration axis [13]. The authors have shown that NEC-derived organoids were unable to maintain intestinal homeostasis. However, exogenous Wnt administration restored the organoids capability of intestinal homeostasis, supporting the role of exogenous Wnt as novel therapeutic pathway. A recent promising study in rats has demonstrated the feasibility of creating acellular natural matrix without disruption of villus-crypt architecture and mechanical characteristics which may represent an innovative platform for small bowel bioengineering for usage as an alternative approach to experimental animal models or even for allogeneic intestinal transplantation [20].

			Conclusion

			In conclusion, although the mechanisms of ISCs in gut IR are still not fully understood, stem cell therapy is considered to represent a promising range of novel therapeutic strategies for intestinal IR and NEC. To the best of our knowledge, it is likely that AFSs or MSCs would be the most useful and practical cell-based therapies for these conditions. Acellular therapies using exosomes for example are yet to be defined but seem to carry some promise. Further clinical research is prompted in order to fully understand the downstream effects of intestinal cells differentiation and regeneration in NEC.
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