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	Text2: Background: The therapeutic potential of mesenchymal stem cells (MSCs) has been highlighted recently for treatment of acute or chronic liver injury, by possibly differentiating into hepatocyte-like cells, reducing inflammation, and enhancing tissue repair. Despite recent progress, exact mechanisms of action are not clearly elucidated. In this study, we attempted to explore whether and how MSCs protected hepatocytes and stimulated allograft regeneration in small-for-size liver transplantation (SFSLT).

Methods: SFSLT model was established with a 30% partial liver transplantation (30PLT) in rats. The differentiation potential and characteristics of bone marrow derived MSCs were explored in vitro assay. MSCs were infused transvenously immediately after graft implantation in therapy group. Expressions of apoptosis-, inflammatory-, anti-inflammatory-, and growth factor-related genes were measured by RT-PCR, activities of transcription factors AP-1 and NF-κB were analyzed by EMSA, and proliferative responses of the hepatic graft were evaluated by immunohistochemistry and western blot.

Results: MSCs were successfully induced into hepatocyte-like cells, osteoblasts and adipocytes in vitro. MSCs therapy could not only alleviate ischemia reperfusion injury and acute inflammation to promote liver regeneration, but also profoundly improve one week survival rate. It markedly up-regulated the mRNA expressions of HGF, Bcl-2, Bcl-XL, IL-6, IL-10, IP-10, and CXCR2, however, down-regulated TNF-α. Increased activities of AP-1 and NF-κB, as well as elevated expressions of p-c-Jun, cyclin D1, and proliferating cell nuclear antigen (PCNA), were also found in MSCs therapy group. 

Conclusion: These data suggest that MSCs therapy promotes hepatocyte proliferation and prolongs survival in SFSLT by reducing ischemia reperfusion injury and acute inflammation, which are involved in the early increased expressions of c-Jun N-terminal Kinase, Cyclin D1, and NF-κB.

	Text3: Ever since the first clinical successful attempt of cadaveric split liver transplantation and living donor liver transplantation in the late 1980’s, those approaches have been considered the optimal procedure for end-stage liver disease due to the increasing shortage of cadaveric donors [1,2]. After partial liver transplantation, rapid liver regeneration is required to ensure sufficient liver function and prevent small-for-size syndrome [3]. Nevertheless, transient portal hypertension, ischemia reperfusion injury and subsequent severe inflammatory responses at the early phase after cadaveric split liver transplantation or living donor liver transplantation may delay hepatocyte proliferation and even result in small-for-size graft failure [4-6]. Therefore, effective therapeutic strategies aimed at reducing ischemia reperfusion injury and acute inflammatory responses to promote the regeneration of hepatocytes would be of great benefit.

Mesenchymal stem cells (MSCs), also called multipotent mesenchymal stromal cells, are on the brink of being used clinically in different areas of therapeutic application, including organ transplantation [7-9]. They are defined as plate-adherent, fibroblast-like cells possessing self-renewal ability with the capacity to differentiate into multiple mesenchymal cell lineages such as hepatocyte-like cells, osteoblasts, chondrocytes, and adipocytes [10,11]. It is also well known of their ability to naturally support hematopoiesis by secreting a number of trophic molecules, including soluble extracellular matrix glycoproteins, cytokines, and growth factors [3,7]. Various studies have demonstrated the therapeutic potential of MSCs in different liver disease models [7,12,13], such as liver resection [14,15], fulminant hepatic failure [16,17], liver fibrosis [10,11,18-20], and liver transplantation [9,21,22]. Its multilineage differentiation potential and anti-inflammatory properties, as well as producing trophic factors to provide paracrine support for hepatocyte proliferation, angiogenesis, tissue repair, and immunomodulation, have been proposed to play a key point in rescuing liver injury [9,23]. Moreover, their easy accessibility and strong in vitro expansion ability make them an ideal cell source for autologous stem-cell-based replacement therapies [7,24]. 

To date, however, a few investigations have been done on the potential use of MSCs to improve the outcome of SFSLT. The therapeutic mechanisms of MSCs are also not clearly elucidated. Whether MSCs contribute to liver regeneration by trans-differentiation into liver cells or by paracrine effects of their trophic factors has been ongoing discussions [3]. Both Zhong Z and our previous study have already confirmed that defective liver regeneration in small grafts was associated with an inhibition of the c-Jun N-terminal kinase and cyclin D1 (CyD1) pathways and compromised energy production [4,5]. We also found that MSCs-conditioned medium could reduce liver injury and enhance regeneration in 50% reduced-size rat liver transplantation [25]. Therefore, in this study we sought to determine whether and how MSCs therapy promoted liver regeneration and subsequently prolonged the rat survival in 30% SFSLT.

	Text5: In this study, we attempted to explore whether and how MSCs protected hepatocytes and stimulated allograft regeneration in small-for-size liver transplantation.
	Text6: All animal care and experimental procedures complied with the guidelines for the Care and Use of Laboratory Animals, formulated by the Ministry of Science and Technology of the People’s Republic of China, and were approved by the Ethical Committee on Animal Experiments at Ruijin Hospital (protocol approval number SYXK 2011-0113).  
	Text7:  Rats undergoing 30% partial liver transplantation were randomly divided into two groups by a randomisation list: 30PLT+PBS (Phosphate buffered saline; n=25) and 30PLT+MSCs (n=25). The experimental unit was the group of animals.
	Text8: Surgical procedure was carried out in animal Laboratory of Ruijin Hospital during the day (8 am to 17 pm). Rats were anesthetized by intraperitoneal injection of 1% pentobarbital sodium 40 mg/kg. Immediately after hepatic graft reperfusion, 2.4×106 MSCs in a volume of 0.5ml sterile PBS was slowly transfused via inferior vena cava of each recipient rat with 28-gauge needle in the 30PLT+MSCs group. Only PBS-treated 30PLT rats served as controls.
	Text9: Male inbred Sprague Dawley rats (220-240g) were used as both donors and recipients.
	Text10: Rats were housed in a standard animal laboratory with free activity and access to water and chow.  They were kept under constant environmental conditions with a 12-hour light-dark cycle. The number of each cage companions was no more than 3.
	Text11: The number of experimental and control groups were 25 respectively. Both the two groups were further randomly divided into 5 subsections including rats with 30% PLT 1 h, 6 h, 24 h, 72 h, and 7days. Each subgroup contained 5 rats. On the other hand, another 24 rats were randomly divided into two groups and used for survival rate study.
	Text12: Male inbred Sprague Dawley rats (220-240g) were randomly assigned into each group with a random number table.
	Text13: MSCs were successfully induced into hepatocyte-like cells, osteoblasts and adipocytes in vitro. MSCs therapy could not only alleviate ischemia reperfusion injury and acute inflammation to promote liver regeneration, but also profoundly improve one week survival rate. It markedly up-regulated the mRNA expressions of HGF, Bcl-2, Bcl-XL, IL-6, IL-10, IP-10, and CXCR2, however, down-regulated TNF-α. Increased activities of AP-1 and NF-κB, as well as elevated expressions of p-c-Jun, cyclin D1, and proliferating cell nuclear antigen (PCNA), were also found in MSCs therapy group. 
	Text14: The unit of analysis for each dataset was group. Comparison between the two groups was by Mann Whitney U Test. All results indicated means ± standard deviation. Results were considered statistically significant with a p-value < 0.05.
	Text15: Most recipients died 2-4 days after 30% PLT. The 7-day survival rates in 30PLT+PBS and 30PLT+MSCs groups were 16.7% (2/12) and 58.3% (7/12) respectively. 
	Text16: The number of experimental and control groups were 25 respectively. Both the two groups were further randomly divided into 5  subsections including rats with 30% PLT 1 h, 6 h, 24 h, 72 h, and 7days. The number of animals in each subgroup included in each analysis was 5/25. On the other hand, another 24 rats were randomly divided into two groups (30PLT+ PBS, n=12/24; 30PLT+MSCs, n=12/24) and used for survival rate study.
	Text17: All results indicated means ± standard deviation. Results were considered statistically significant with a p-value < 0.05.
	Text18: No adverse events were observed in the two groups.
	Text19: As one of the most promising therapies for various end-stage hepatic diseases, SFSLT has been widely carried out in clinical practice [1]. However, transient portal hypertension, inevitable hepatic ischemia reperfusion injury and violent inflammation significantly increased postoperative morbidity and mortality [25,35]. In recent years, studies on clinical applications of MSCs have been a multi-disciplinary research focus [7]. Evidences showed that MSCs therapy was likely to reduce inflammation and promote liver regeneration during acute and chronic liver injuries [7,12]. Therefore, we hypothesized that MSCs therapy could also effectively resist ischemia reperfusion injury and acute inflammation in SFSLT to promote hepatocytes regeneration, as well as to prolong survival. 

Indeed, liver has a remarkable regenerative capacity in response to acute injury, and even mature hepatocytes can reenter the cell cycle and undergo several cell divisions to restore the hepatic mass. Previous studies on major hepatectomy confirmed that 70-90% hepatectomy of rats had no effect on life expectancy, suggesting that 10-30% liver tissue could compensate for reduced hepatic function by undergoing cellular regeneration [36]. Compared with major hepatectomy, however, cold ischemia time and anhepatic phase would be inevitable courses in partial liver transplantation. Then excessive blood inflow generated more reactive oxygen species in SFS grafts, increasing the susceptibility of liver cells to apoptotic stimuli and to the mechanical injury associated with transient portal hypertension. Therefore, ischemia reperfusion injury could delay liver regeneration and worsen liver injury in SFSLT, even resulting in small-for-size graft failure [4]. 

So far, many reports have described cell transplantation as the preferred method of MSC therapy [20,35-37]. Differentiation of MSCs into hepatocyte-like cells has been confirmed both in vitro and in vivo [37,38]. In this experiment, we also evaluated the differentiation potential of MSCs into hepatocyte-like cells, osteoblasts and adipocytes in vitro. Trans-differentiated hepatocyte-like cells stained positive for AFP and ALB, and glycogen content also evidently increased in cytoplasm with extended exposure. These results suggested that MSCs differentiation was able to become the functional mature hepatocytes. Unfortunately, few engrafted progenitor cells were found in the recipient liver that were able to differentiate into albumin+ cells in liver injury models or reduced size liver transplantation [25,37,39]. Moreover, MSCs engraftment and differentiation into hepatocytes within the injured liver did not occur for at least 7 days after infusion, and most recipients died 2-4 days after SFSLT [36,40]. Such phenomena were also observed in our study (Data not shown). Studies conducted by Stock P and Aurich I also consistently described that differentiated human MSCs, which engrafted in the host liver parenchyma of immunocompromised mice after orthotopic transplantation and partial hepatectomy respectively, could be detected at least 2-3 months after cells transplantation [27,37]. Therefore, MSCs exerted its effect in the early phase of liver injure or SFSLT might mainly through paracrine or endocrine mechanisms, as supported by our previous study [25]. 

Noticeably, direct effects of MSCs in anti-ischemia reperfusion injury and supporting liver regeneration have been demonstrated in several studies [13,14,16,23]. In present study, a severe histopathological change was apparently verified in 30PLT. The results of HE-staining displayed a gradually increased liver damage within 7 days after 30PLT. Then electron microscopy examination consistently demonstrated an evident hepatocyte degeneration and necrosis, as well as severe sinusoidal stasis and collapse of the Disse space in 30PLT+PBS group. It is well known that hepatic sinusoidal cells play a critical role in the maintenance of hepatocyte function, because sinusoids are the principal vessels involved in the transvascular exchange between blood and parenchymal cells [4]. The vacuolar degeneration and severe swelling of mitochondria in hepatocytes were due to ischemia secondary to the sinusoidal injury, and mitochondria edema would lead to a decreased supply of ATP, which not only serves as an energy supply for regeneration but also affects signal transduction [5]. MSCs therapy, however, showed a great improvement of these intrahepatic pathologic changes. Both the hepatocytes and sinusoidal lining cells in 30PLT+MSCs grafts basically sustained normal structure with only a slight injury at different time points within 24 h after liver transplantation. Liver regeneration was also markedly improved, as demonstrated by a significant increase of graft weight in the MSCs therapy group. Encouragingly, MSCs therapy profoundly prolonged the rat survival with a 7-day survival rate of 58.3% (7/12). Contrarily, the 7-day survival rate of 30PLT+PBS rats was only 16.7% (2/12). This result was consistent with the research conducted by Yue Yu [36]. 

Report by Zhong Z described that insufficiency of energy supply, nutritional factors, proregenerative HGF, TNF-α, and IL-6 formation inhibited liver regeneration in quarter-size grafts [5]. Whereas MSCs treatment could produce a series of cytokines and signal molecules, such as HGF, EGF, IL-6, TNF-α, IL-10, IL-1 receptor antagonists and so on, relevant for cell proliferation, angiogenesis, and anti-inflammatory responses [16,38]. In our experiment, we confirmed that MSCs infusion notably up-regulated the expressions of genes HGF, Bcl-2, Bcl-XL, IL-10, IP-10, CXCR2, and IL-6, however, down-regulated TNF-α expression compared with the control group. The increased expression of HGF in MSCs+30PLT rats might stimulate liver regeneration and exerted cytoprotective effect, which was also demonstrated by the study of Yue Yu [36]. As for anti-apoptosis genes Bcl-2 and Bcl-XL, MSCs therapy increased their expressions to resist apoptosis, which would strengthen hepatocyte resistance to ischemia reperfusion injury. 

In addition, IL-10 was proved to rescue the SFS liver grafts by its anti-inflammatory properties, through inhibition of allograft inflammatory factor-1 (AIF-1) mediated pro-inflammatory and pro-apoptotic activities of the macrophages during the early period after ischemia reperfusion [41]. In this study, enhancive transcription of IL-10 in MSCs therapy rats might limit the acute inflammatory responses induced by ischemia reperfusion. Moreover, evidence showed that IP-10 had a hepatoregenerative effect in the murine model of acute liver injury through the induction of CXCR2 on hepatocytes [32]. Similarly, we found a consistent and sustained up-regulation of both IP-10 andCXCR2 genes in MSCs therapy rats compared with the controls, indicating elevated expression of IP-10 might display its hepatoregenerative effect by stimulating a CXCR2-dependent proliferative response in MSCs therapy group. 

Furthermore, it has been widely acknowledged that TNF-α, and IL-6 contribute to activation of transcription factors and provide early signals promoting regeneration [5]. As reported by Schwabe RF and Tiberio L, TNF-α-mediated activation of NF-κB was a key event in liver regeneration [42], and IL-6 stimulated acute-phase synthesis and accelerated activation of the transcription factor Stat 3, which probably played a crucial role in the potentiation of the different protective pathways activated in ischemic-reperfused liver [43]. IL-6 was also directly involved in the generation of antiapoptotic signals through the induction of bcl-2 related protein family members such as Bcl-2, Bcl-xL and Mcl-1 [43]. Thus, the increased transcription of IL-6 in 30PLT+MSCs group might contribute to the high expression of Bcl-2 and Bcl-xL. However TNF-α, as a pro-inflammatory cytokine, could also cause cell injury and apoptosis [42]. Actually, MSCs infusion markedly down-regulated TNF-α expression but up-regulated IL-6 expression at the early phase after reperfusion in our experiment, implying that MSCs therapy probably promoted liver regeneration by limiting the acute inflammation induced by reperfusion. As for the down-regulation of TNF-α, it was also possible that increased transcription of IL-10 in MSCs therapy rats might block AIF-1-mediated pro-inflammatory and pro-apoptotic activities of the macrophages to inhibit the expression of TNF-α [41].

Rapid regeneration of hepatocytes is primary for hepatic mass and recovery of liver function after SFSLT. It has been demonstrated that MSCs-derived factors can promote hepatocyte proliferation and regenerative responses in the early phase after surgical resection [3,16]. On the other hand, activation of transcription factors, such as NF-κB, AP-1, STAT3, and expressions of immediate early genes prime quiescent hepatocytes to enter the cell cycle in the priming phase of liver regeneration [5,44]. In present study, we found that activities of AP-1 and NF-κB significantly increased as early as 1 h after reperfusion in both groups. However, MSCs therapy could sustain comparatively high level of NF-κB and AP-1 at 24 h after reperfusion, and such maintenance would be pivotal to liver graft regeneration in partial liver transplantation based on our previous findings [4]. 

CyD1, as the most prominently up-regulated type D cyclin after partial hepatectomy, responded to mitogenic stimuli and played a critical role in driving cells through the G1 restriction point [33]. It was important that c-Jun-N-terminal kinase (JNK) phosphorylated the N-terminal domain of c-Jun, increased its transactivation, thereby up-regulated AP-1-dependent transcription, and then drove CyD1 expression and proliferation during liver regeneration [5,33]. Research conducted by Zhong Z reported that interruption of JNK/c-Jun and CyD1 signaling would be involved in inhibition of liver regeneration in SFSLT [5]. According to our study, CyD1 expression was considerably suppressed in the 30PLT+PBS group, which was verified by both immunohistochemistry and western blotting assays. However, MSCs infusion not only increased the expressions of CyD1 and phosphorylated c-Jun, but also enhanced the activation of AP-1 and NF-κB. These findings indicated that MSCs therapy promoting liver regeneration in small grafts, at least in part, involved the sustained activation of AP-1 and NF-κB, as well as the JNK/c-Jun and CyD1 pathways.  

In conclusion, although MSCs were successfully induced into functional hepatocyte-like cells in vitro, their engraftment in hepatic grafts was not detected within 7 days after SFSLT. However, MSCs infusion could not only alleviate ischemia reperfusion injury and acute inflammation to promote liver regeneration at early stage in rat SFSLT, but also profoundly improved one week survival rate. Based on these findings, we considered that a paracrine effect of cytokines and growth factors secreted by MSCs, which sustained the activation of early proliferative response pathways of JNK/c-Jun, CyD1, and NF-κB, would be the major mechanism for resisting ischemia reperfusion injury and promoting liver regeneration at early stage in SFSLT rat.

	Text20: The findings of this study indicated that MSC was an ideal cell source for autologous stem-cell-based replacement therapies, which would be an useful treatment for preventing small-for-size graft failure in human partial liver transplantation. 
	Text21: Jointly supported by National Natural Science Foundation of China (81070358) and Municipal Natural Science Foundation of Shanghai Municipality (09ZR1418600). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the manuscript.
	Text1: Mesenchymal stem cells promote liver regeneration and prolong survival in small-for-size liver grafts: Involvement of c-Jun N-terminal Kinase, Cyclin D1, and NF-κB


