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Abstract

AIM: To test whether hepatic stellate cells (HSCs) at different activation stages play different roles in acetaminophen (APAP)-induced acute liver injury (ALI).

METHODS: HSCs were isolated from mouse liver and cultured in vitro. Morphological changes of initiation HSCs [HSCs (5d)] and perpetuation HSCs [HSCs (p3)] were observed by immunofluorescence and transmission electron microscopy. The protective effects of HSC-derived molecules, cell lysates and HSC-conditioned medium (HSC-CM) were tested in vivo by survival and histopathological analyses. Liver injury was determined by measuring aminotransferase levels in the serum and by histologic examination of tissue sections under a light microscope. Additionally, to determine the molecular mediators of the observed protective effects of initiation HSCs, we examined HSC-CM using a high-density protein array.

RESULTS: HSCs (5d) and HSCs (p3) had different morphological and phenotypic traits. HSCs (5d) presented a star-shaped appearance with expressing α-SMA at non-uniform levels between cells. However, HSCs (p3) evolved into myofibroblast-like cells without lipid droplets and expressed a uniform and higher level of -SMA. HSC-CM (5d), but not HSC-CM (p3), provided a significant survival benefit and showed a dramatic reduction of hepatocellular necrosis and panlobular leukocyte infiltrates in mice exposed to APAP. However, this protective effect was abrogated at higher cell masses, indicating a therapeutic window of effectiveness. Furthermore, the protein array screen revealed that HSC-CM (5d) was composed of many chemokines and growth factors that correlated with inflammatory inhibition and therapeutic activity. When compared with HSC-CM (p3), higher levels of monocyte chemoattractant protein-1, macrophage inflammatory protein-1, hepatocyte growth factor, interleukin-10, and matrix metalloproteinase-2, but lower levels of stem cell factor and Fas-Ligand were observed in HSC-CM (5d). 

CONCLUSION: These data indicated that initiation HSCs and perpetuation HSCs were different in morphology and protein expression, and provided the first experimental evidence of the potential medical value of initiation HSC-derived molecules in the treatment of ALI.

Key words: Hepatic stellate cells; Acute liver injury; Initiation and perpetuation

Core tip: In this study, we isolated hepatic stellate cells (HSCs) from mice by in situ perfusion of the liver and created primary and secondary cultures in plastic tissue culture dishes. Then, we observed different morphologies and phenotypes between initiation HSCs and perpetuation HSCs and described the first use of molecules secreted from HSCs in acetaminophen-induced acute liver injury. Initiation HSC-derived molecules showed hepatocyte-protective effects. Our findings provide novel insight into the mechanisms of HSCs in liver injury therapy. Whether the potential value of initiation HSC-derived molecular therapy is derived from the effect of a single cytokine or a combination of cytokines should be explored in future.
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INTRODUCTION

Hepatic stellate cells (HSCs), first described by Kupffer in 1876, have emerged in the past 30 years as remarkably versatile mesenchymal cells[1]. Previous studies have explored the importance of HSCs in liver fibrosis, because HSC activation into myofibroblasts is thought to be the major step in hepatic fibrogenesis associated with liver injury[2]. Beyond this well-known characteristic, however, many newly discovered activities have led to a greater understanding of this fascinating cell type and the complexity of cellular homeostasis in the liver[3]. 

The hepatocyte protecting effects of HSCs in acute liver injury (ALI) has ignited growing interest[4]. We previously performed loss-of-function studies by depleting activated HSCs with gliotoxin in acetaminophen (APAP)-induced ALI in mice[5]. We demonstrated that severe liver damage and decreased survival rate were correlated with depletion of activated HSCs. These data provided clear evidence that activated HSCs are involved in both hepatocyte death and proliferation of hepatocytes and hepatic progenitor cells (HPCs) in APAP-induced ALI. 

Quiescent HSCs, characterized by retinoid droplets in the cytoplasm, are present in the space of Disse in close contact with hepatocytes and sinusoidal endothelial cells. When HSCs are activated, they lose retinoid, move from the space of Disse to sites of damage (where the activated HSCs differentiate into myofibroblasts), and secrete extracellular matrix and growth factors that are involved in liver regeneration[6]. Because of the close anatomic relationship between HSCs and epithelial cells (hepatocytes and HPCs), HSCs are part of the stem cell niche and directly contact epithelial cells to participate in the early phase of hepatocyte regeneration[7]. However, it is unclear whether the products of activated HSCs are required to attenuate acute hepatocyte injury. In addition, in the process of differentiation from quiescent HSCs to fully activated HSCs (myofibroblasts), the cells change in morphology and phenotype, but it is not known whether those different stages of cells have different effects on protecting hepatocytes from acute injury. To the best of our knowledge, no previous studies have tried to answer that question.

In this study, we isolated HSCs from mice by in situ perfusion of the liver and created primary and secondary cultures in plastic tissue culture dishes. Then, the differences in morphology and phenotypic features were observed between activated HSCs at early stage and later stage. Furthermore, we investigated whether molecules produced by activated HSCs would protect hepatocytes in APAP-induced ALI, and analyzed the difference in the HSC secretome between the early and late stages by a protein array screen.

MATERIALS AND METHODS
Animals

Male C57BL/6J mice (6-8-wk-old, weighing 20 ± 2 g) were purchased from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences. All of the animals were maintained in the animal facility of Zhongshan Hospital, Fudan University. The mice were kept on a 12-h light/dark cycle with access to mouse chow and water ad libitum. All surgery was performed under a mixture anesthesia of ketamine (80 mg/kg, Hengrui Medicine, Lianyungang, China) and xylazine (30 mg/kg, Sigma-Aldrich, St. Louis, MO, United States) given intraperitoneally, and all efforts were made to minimize suffering. The experimental protocol was approved by the Animal Care and Use Committee of Fudan University. All animals were handled in accordance with the Guide for the Care and Use of Laboratory Animals published by the National Institutes of Health.

Isolation and cultivation of HSCs
HSCs were isolated from mouse livers as we described before[8]. Briefly, C57BL/6J mice livers were perfused in situ, and the HSCs were isolated by an optimized density gradient centrifugation technique. HSCs were seeded in high-glucose Dulbecco’s Modified Eagle Medium (DMEM, Gibco, New York, United States) con​taining 10% fetal bovine serum (FBS, Sigma-Aldrich, Poole, United Kingdom). The cells were incubated at 37 ℃ in a humidified atmosphere with 5% carbon dioxide. The primary HSCs cultured for 5 d were defined as HSCs (5d), and after being passaged three generations, HSCs were defined as HSCs (P3).

Preparation and delivery of cells, cell lysates and conditioned medium 

Cellular lysates were prepared by sonication (VWR Scientific, West Chester, PA). The dose of cells administered was 2 × 106 per subject. Conditioned medium was prepared by collecting serum-free medium (high-glucose DMEM without FBS; supple​mented with 0.05% bovine serum albumin (BSA) to prevent protein aggregation) after 24-h culture of different cell masses. The majority of experiments were performed with the optimal cell mass of 2 × 106 cells. Supernatants were centrifuged and filtered to eliminate potential cell bodies. The medium was then concentrated approximately 25-fold using ultrafiltration units (Amicon Ultra-PL 3, Millipore, Bedford, MA, United States) with a 3 kDa molecular weight cut-off. Finally, the collected medium, containing paracrine molecules (HSC-CM), was stored at -80 ℃ until use.

Immunofluorescence

HSCs (5d) and HSCs (P3) grown in 35-mm tissue culture plates were fixed with ice-cold 2% methanol for 10 min at 4 ℃. After blocking with 5% BSA (Sigma Aldrich, St. Louis, MO, United States) in PBS, cells were incubated with mouse monoclonal anti-α-SMA IgG (Abcam, Cambridge, MA; 1:100) or rabbit anti-desmin (Abcam, Cambridge, MA; 1:100) for 2 h at room temperature, followed by development with donkey anti-mouse Alexa Fluor 488 (Invitrogen, Carlsbad, California, United States; 1:500) or donkey anti-rabbit Alexa Fluor 594 (Invitrogen, Carlsbad, California, United States; 1:500) for 30 min at room temperature, respectively. All plates were examined under an Axiovert 200 (Carl-Zeiss, Jena, Germany) using a computer-assisted image analysis program (AxioVision Ver. 4.0; Carl-Zeiss).

Transmission electron microscopy

HSCs (5d) and HSCs (P3) were harvested by trypsi​nization and centrifugation for 10 min at 1000 g at room temperature. Cells were fixed in 2.5% glutaraldehyde for 1 h at 4 ℃ and postfixed with 1% osmic acid for 30 min. Cells were then stained with lead-uranium, and the ultrastructural organization was observed with a transmission electron microscope (JEM-1200EX, Japan).

APAP administration

All animals were fasted overnight before APAP treatment (Sigma-Aldrich, St. Louis, MO, United States). ALI was induced by intraperitoneal injection of APAP in phosphate-buffered saline (PBS, Gibco, New York, United States) at a dose of 750 mg/kg. Blood samples were obtained at 12, 24, 36, and 48 h after injection by retro-orbital puncture for analysis of liver enzyme levels. Mice were sacrificed 24 h after injection by cervical dislocation under a mixture anesthesia of ketamine and xylazine, and liver tissues were harvested and fixed with 4% paraformaldehyde (Sigma-Aldrich, St. Louis, MO, United States) for histological analysis. 

Administration of paracrine molecules
To assess the protective effect of paracrine molecules (HSC-CM) on ALI, after one dose of APAP treatment, all animals were randomly divided into three groups: an HSC-CM (5d) group, an HSC-CM (P3) group and a control group. Two hours after APAP injection, the HSC-CM (5d) group and HSC-CM (P3) group were treated with one dose of paracrine molecules of HSCs (5d) (0.20 mL, about 2 × 106 HSCs) and paracrine molecules of HSCs (P3) (0.20 mL, about 2 × 106 HSCs), respectively, via tail vein injection. Control animals received the same volume of blank conditioned medium (0.2 mL, high-glucose DMEM). Four animals per group were sacrificed 24 h later to collect liver tissue, and 13 animals per group were used for survival analysis. Blood samples were collected 12, 24, 36, and 48 h after treatment by retro-orbital puncture for analysis of liver enzyme release levels. The survival analysis was set for 7 d and animal survival was monitored every 12 h. On 7 d after administration of paracrine molecules, the end-point for the survival experiment was reached and the survival rate was analyzed, and all survival mice were sacrificed by cervical dislocation under a mixture anesthesia of ketamine and xylazine.

Assessment of liver injury

Liver injury was determined by measuring amino​transferase levels in the serum and by histologic examination of tissue sections under a light micro​scope. Serum samples were stored at -80 ℃ until use. Alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured using Infinity ALT reagent and Infinity AST reagent, respectively (Thermo Electron, Louisville, CO, United States) according to the manufacturer’s instructions. Liver tissues were fixed with 4% paraformaldehyde in PBS for 18 h and then embedded in paraffin. Sections of 5 µm thickness were cut and stained with hematoxylin and eosin (HE; Sigma-Aldrich, St. Louis, MO, United States). HE-stained liver sections were examined, and necrosis was graded using a previously described system[9].

Protein array of HSC supernatants
For HSC-CM, HSCs were cultured in serum-free DMEM supplemented with 0.05% BSA. Supernatants were prepared by collecting serum-free medium after 24 h culture of approximately 2 × 106 HSCs (5d) or HSCs (P3). The media were then concentrated approximately 25-fold using ultrafiltration units (Millipore, Bedford, MA, United States) with a 3 kDa molecular weight cut-off. Finally, the collected medium, containing paracrine molecules (HSC-CM), was stored at -80 ℃ until use. These were analyzed for a panel of specified proteins using an antibody array (RayBio Mouse Cytokine Antibody Array c2000, RayBiotech Inc., Norcross, GA) as specified by the vendor.

Statistical analysis

The quantitative results are expressed as the mean ± SD. For multi-group comparison, one-way analysis of variance was applied. Comparisons between groups were performed using the non-parametric Mann-Whitney U-test, or one-way analysis of variance. The Kruskal-Wallis rank-sum test was applied when the samples were not normally distributed. Kaplan-Meier analysis was used for survival analysis. A P-value less than 0.05 were considered statistically significant. The statistical methods of this study were reviewed by Department of Biostatistics of Fudan University.

RESULTS

HSC morphology and phenotype changes in the activation process 

The isolated HSCs were cultured on uncoated plastic tissue culture plates and observed under a phase contrast microscope. After primary culture for 24 h, HSCs were quiescent, had a spherical shape and displayed a clear nuclear region surrounded by retinoid droplets in the cytoplasm. These cells expressed desmin and were negative for a-smooth muscle actin (-SMA, data not shown). HSCs presented a star-shaped appearance with fewer and smaller lipid droplets in the cytoplasm after primary culture for five days, (Figure 1) and began to express -SMA at non-uniform levels between cells (because the activation stage varied between cells) (Figure 1). These cells were at the early stage of activation and defined as “initiation” HSCs. During this activation period, HSCs developed the star-shaped pseudopodium branches with gradually fewer lipid droplets in the cytoplasm. Subcultured HSCs evolved into myofibroblast-like cells without lipid droplets (Figure 1) and expressed a uniform and higher level of -SMA (Figure 1). These cells were persistently activated and defined as “perpetuation” HSCs.

At the ultrastructural level, primary cultured HSCs contained a small amount of rough endoplasmic reticulum and a few mitochondria, without microfi​laments in the cytoplasm (Figure 2A). HSCs (5d) were characterized with increased rough endoplasmic reticulum, Golgi apparatus and microfilaments (Figure 2B). HSCs (P3) exhibited marked hypertrophy of rough endoplasmic reticulum and Golgi apparatus. They also had extensive microfilaments (Figure 2C), suggesting that perpetuation HSCs exhibited active synthesis and secretion function.

In summary, initiation HSCs and perpetuation HSCs had different morphological and phenotypic traits, which indicated that the synthesis and secretion functions of HSCs changed during the activation process. We speculated that HSCs of these two stages of activation might play different roles in liver regeneration after ALI. Therefore, we assessed the therapeutic effects of HSCs in APAP-induced ALI in mice.

HSC (5d)-derived components reverse APAP-induced ALI

We previously established a mouse model of APAP-induced ALI[9]. Liver enzyme levels measured in the peripheral blood provide a good estimate of ongoing liver damage. In this study, serum ALT and AST started to rise 6 h after APAP treatment, rose rapidly 12 h later, and peaked at 24 h (data not shown). 

To reverse the APAP-induced ALI, we first assessed various HSC treatment modalities: cell transplantation, delivery of cellular lysates, and delivery of conditioned medium to assess the most efficacious therapy. Animals were treated 2 h after ALI induction by tail vein injections of wholes cells or cell lysates. No significant survival benefit was observed after the intravenous transplantation of HSCs (5d) or HSCs (P3), which was most likely due to poor engraftment and entrapment in the alveolar capillary (Figure 3). In contrast, treatment with cellular lysates of HSCs (5d), derived from the same cell mass as used for transplantation, resulted in an increased survival trend compared to other four groups (P < 0.05).

HSC-CM (5d) provides hepatoprotection and survival benefit

We then determined if the efficacy observed with lysates could be reproduced by using the secreted molecules from HSCs. A longitudinal analysis using HSC-CM (5d) from the same cell mass (i.e., 2 × 106 HSCs) revealed a distinct survival benefit compared to vehicle (P < 0.05) and HSC-CM (P3) (P < 0.05). There was no significant difference between the HSC-CM (P3) and vehicle groups in survival rate (Figure 4A). In addition, we monitored 72 h survival of ALI-induced mice as a function of the mass of HSCs (5d) from which the medium was conditioned (Figure 4B). Interestingly, the effect of HSC (5d) concentrate was abrogated at higher cell masses, indicating a therapeutic window of effectiveness. However, the HSC-CM (P3) could not improve mouse survival in all cell masses (data not show).

Based on these results, we assessed the protective effects of the molecules secreted from HSCs (5d). Animals were treated 2 h after ALI induction by injection of HSC-CM (5d) into the systemic circulation. HSC-CM (P3) and blank-CM (vehicle) served as controls. Serum was obtained every 12 h and analyzed for hepatocyte release. Liver enzyme levels in serum provide a good estimate of ongoing liver damage. The peak in liver damage was observed at 24 h after CM treatment in each group. However, ALT was decreased by 42% (P < 0.01) and 45% (P < 0.01), respectively, in HSC-CM (5d)-treated mice compared with HSC-CM (P3) and vehicle mice, and AST was decreased by 42% (P < 0.01) and 46% (P < 0.01), respectively (Figure 4C and D). Overall, these results show that the molecules secreted from initiation HSCs were associated with less severe liver damage and higher survival rate.

HSC-CM therapy inhibits hepatocellular necrosis and panlobular inflammation 

Microscopic evaluation of HE-stained liver tissue from HSC-CM (P3) and vehicle mice revealed profound hepatocellular necrosis and panlobular mononuclear leukocyte infiltration with cytoplasmic vacuolization and severe distortion of tissue architecture (Figure 5A and C). HSC-CM (5d)-treated mice showed no signs of disseminated inflammation, although minor pericentrilobular vein infiltration and hepatocellular death were observed (Figure 5B). Semi-quantitative histological examination of liver tissue confirmed the differences between the three groups (Figure 5D). The average score in the HSC-CM (5d) group was 2.25 ± 0.45, compared with 3.51 ± 0.57 in the HSC-CM (P3) group (P < 0.05) and 3.75 ± 0.51 in the vehicle group (P < 0.01). There was no difference between HSC-CM (P3) and vehicle. These results demonstrate that the molecules secreted from initiation HSCs correlated with less severe hepatocellular necrosis.

HSC-CM (5d) is composed of many chemokines and growth factors that correlate with inflammatory inhibition and therapeutic activity

To determine the molecular mediators of the observed protective effects of initiation HSCs, we examined HSC-CM using a high-density protein array. HSC-CM contained 69 of the 144 assayed proteins (Figure 6A), which included a broad spectrum of molecules involved in immunomodulation and liver regeneration. Cluster analysis revealed that a large proportion of HSC-CM (5d) was composed of chemokines (36.29%) and growth factors (21.03%) (Figure 6B), many of which were expressed at high relative levels. There was no significant difference between HSC-CM (5d) and HSC-CM (P3) in the constituent ratios of proteins. Only 7 of the 69 proteins had a constituent ratio difference of more than 2-fold between the HSC-CM (5d) and the HSC-CM (P3) group: monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1 (MIP-1), hepatocyte growth factor (HGF), interleukin-10 (IL-10), matrix metalloproteinase-2 (MMP-2), stem cell factor (SCF) and Fas-Ligand. HSC-CM (5d) contained significantly more MCP-1, MIP-1γ, HGF, IL-10 and MMP-2, which might correlate with the greater inflammatory inhibition and therapeutic activity of HSC-CM (5d) in ALI.

DISCUSSION

It is becoming increasingly clear that HSCs have a profound impact on the proliferation, differentiation, and morphogenesis of other hepatic cell types during liver development and regeneration. Inhibiting activated HSCs using gliotoxin[5] and L-cysteine[10] prevents normal regenerative responses of both hepatocytes and oval cells in APAP- and 2AAF/PH-induced ALI, respectively. In this study, we observed that initiation HSCs were different from perpetuation HSCs in morphology, phenotype and molecule secretion. Initiation HSC-derived molecules protected hepatocytes against death and increased the survival rate of mice subjected to APAP-induced ALI. The efficacy of initiation HSC-CM was a function of the cell mass from which the medium was conditioned, suggesting important pharmacological aspects of this treatment. These results are significant because we identified differences between initiation HSCs and perpetuation HSCs and provide clear evidence that delivery of HSC secretions has the potential to dramatically reduce cell death in the acutely injured liver.

The use of transgenic models has yielded infor​mation on how abnormal function of HSCs translates into regenerative defects. Foxf1+/- mice subjected to CCl4 injury show decreased HSC activation and more severe hepatocyte necrosis during the regenerative period[11]. These results suggest that the defect in HSC activation consecutive to haploinsufficiency of Foxf1 results in impaired regeneration. However, following CCl4 injury, Col-1a1r/r mice show persistent activation of HSCs and fail to regenerate properly[12]. In the context of progressive fibrosis, this inhibition of hepatocyte proliferation may represent a significant mechanism preventing the restoration of effective hepatocellular function. These two examples suggest that deficient as well as uncontrolled HSC activation impairs liver regeneration. Thus, a finely tuned HSC response may be an important factor to ensure adequate regeneration[13]. Based on the data, we speculate that perpetuation HSCs mainly take part in the process of liver fibrosis, but initiation HSCs are involved in hepatocyte protection.

In normal circumstances, the liver hardly prolife​rates and was therefore classified as a stable organ. After liver injury, however, proliferation of the main epithelial compartments (hepatocytes and cholan​giocytes), followed by proliferation of the mesenchymal cells (HSCs and endothelial cells), quickly restores the liver. As the support cell for hepatocytes, HSCs interact in order to control the hepatocytes, and these interactions can often be broken down into one of two major mechanistic categories: physical contact and diffusible factors[14]. It has been showed that HSC-clusters frequently contained -SMA expressing HSCs and were in close association with hepatocytes, indicating the possibility that activation of HSCs and HSC-hepatocyte interaction were related events during regeneration[7]. However, whether diffusible factors from HSCs have a protective effect on hepatocytes is not clear. In this study, we firstly showed that early activated HSC-derived molecules could reverse ALI. Evarts et al[15] used the HSC cell line to verify that naproxen stimulated VEGF and HGF expression was of particular relevance in improving survival of transplanted hepatocytes. Naproxen and celecoxib increased desmin expression in HSCs after hepatocytes transplantation. This desmin-positive phenotype of HSCs was similar to previous cell transplantation studies, where desmin was expressed without -SMA, presumably because this stimulus was transient and nonfibrogenic. 

Following liver injury, HSCs undergo “activation”, which consists of two major phases: initiation and perpetuation, followed by resolution of fibrosis if injury subsides[4]. In this study, regarding the morphological and phenotypic differences, initiation HSCs were spherical and expressed little -SMA, while perpetuation HSCs were myofibroblast-like and expressed a uniform and higher level of -SMA. Thus, we hypothesized that perpetuation HSCs exhibited active synthesis and secretion. Previous studies have shown that secretion of IL-10 and HGF was gradually reduced with the activation of HSCs, and these factors are confirmed to have a protective effect on hepatocytes in in vitro studies[15,16]. 

To determine the molecular mediators of the observed protective effects of initiation HSCs, we further used proteomic analysis to reveal a broad spectrum of molecules that are involved in immuno​modulation and hepatocyte protection. Compared to perpetuation HSC-CM, initiation HSC-CM included higher levels of MCP-1, MIP-1, HGF, IL-10 and MMP-2, but less SCF and Fas-Ligand. MCP-1 (CCL2) is a C-C chemokine that attracts monocytes and memory T cells specifically during an inflammatory response via its specific receptor, CCR2[17]. MCP-1 is upregulated in a variety of diseases that are characterized by mononuclear cell infiltration[18]. Deficiency of MCP-1 protects mice against alcoholic liver injury[19], but there is also evidence that MCP-1 protects against hepatic injury by directly inhibiting NKT cell IL-4 production in T cell-mediated hepatitis[20]. MIP-1 also belongs to a C-C chemokine family containing MIP-1, MIP-1, and MIP-1, which are produced by monocytes and other types of leukocytes. By binding to chemokine receptor 1 (CCR1), a specific receptor on neutrophils, MIP-1 acts as a chemoattractant that induces the chemotaxis of CD4+ T cells, CD8+ T cells, and monocytes[21]. In this study, we detected high levels of MCP-1 and MIP-1 in HSC-CM (5d) but observed relatively less monocyte infiltration in hepatic tissue of the HSC (5d) group, indicating that MCP-1 and MIP-1 might not only affect monocyte trafficking. Further study is needed to determine the specific roles of MCP-1 and MIP-1 in ALI. IL-10 is an anti-inflammatory pleiotropic cytokine that is secreted by monocytes, macrophages, and other leukocytes upon stimulation. Endogenous IL-10 protects hepatocytes by suppressing the ability of effector cells (e.g., Kupffer cells) to release multiple cytokines, including TNF- and chemokines, thereby inhibiting cytokine-dependent hepatocyte injury[22]. We speculate that the anti-inflammation effects observed in this study are a comprehensive regulatory process achieved by MCP-1, MIP-1 and IL-10. HGF is regarded as one of the most potent stimulants for hepatocyte regeneration. All biological effects of HGF are mediated by a single tyrosine kinase receptor, c-Met[23]. Gene-knockout studies have shown that both HGF and c-Met are absolutely required for liver development. HGF/c-Met signaling stimulates hepatocyte growth through paracrine and autocrine mechanisms, and these can initiate liver regeneration[24]. Matrix metalloproteinases (MMPs) and tissue inhibitors of metalloproteinases (TIMPs) maintain hepatic ECM stability by regulating its formation and degradation[25]. Activated HSCs are responsible for the majority of ECM protein deposition in liver fibrosis[26]. A recent study reported the role of MMP-2 in reducing hepatic injury and enhancing liver regeneration[27]. MMP-2 promotes pericellular collagen deposition, creating a microenvironment supporting the growth of regenerative hepatocytes. In contrast, perpetuation HSC-CM contained more Fas-ligand and SCF than initiation HSC-CM. Fas promotes hepatocyte apoptosis and hepatic fibrogenesis[28]. SCF regulates the differentiation of CD34-positive stem cells and modulates the synthesis of more speciﬁc cell types[29]. SCF also plays an important role in liver-remodeling processes. SCF combined with GM-CSF affects cellular differentiation and proliferation in various types of cells besides hepatobiliary epithelial cells[30]. However, our data show that SCF may not protect hepatocytes from ALI. Thus, initiation HSCs attenuate acute hepatocyte injury, while perpetuation HSCs may take part in hepatic fibrosis. The specific mechanisms of action of these molecules may be pluralistic, and whether the molecules could promote liver regeneration after ALI merits further study.
In conclusion, we observed different morphologies and phenotypes between initiation HSCs and perpe​tuation HSCs, and provide the first experimental evidence of the potential medical value of initiation HSC-derived molecules in the treatment of ALI. Our findings provide novel insight into the mechanisms of HSCs in liver injury therapy. Whether the potential value of initiation HSC-derived molecular therapy is derived from the effect of a single cytokine or a com​bination of cytokines should be explored in future studies.
COMMENTS

Background

Hepatic stellate cells (HSCs) play a role in hepatic regeneration. The authors have previously demonstrated that activated HSCs are involved in the proliferation of hepatocytes in acetaminophen (APAP)-induced acute liver injury (ALI). The goal was to determine if HSCs at different activation stages had different effects on APAP-induced ALI.

Research frontiers

Some studies directly supported the involvement of hepatocyte stellate cells (HSCs) in liver regeneration. Activated HSCs have been implicated in assisting liver regeneration by producing angiogenic factors as well as factors that modulate endothelial cell and hepatocyte proliferation and by remodeling the extracellular matrix. Inhibiting activated HSCs using gliotoxin and L-cysteine prevents normal regenerative responses of both hepatocytes and oval cells in APAP- and 2AAF/PH-induced ALI, respectively. In addition, Foxf1+/- mice subjected to CCl4 injury show decreased HSC activation and more severe hepatocyte necrosis during the regenerative period. Notably, the mechanisms by which activated HSCs help mediate liver regeneration in experimental animals and human patients remain to be determined and the relative importance of different subtypes of hepatic stellate cells/myofibroblasts is still not clear in liver injury.

Innovations and breakthroughs

In this study, the authors observed different morphologies and phenotypes between initiation HSCs and perpetuation HSCs and described the first use of molecules secreted from HSCs in APAP-induced ALI. Initiation HSC-derived molecules showed hepatocyte-protective effects. This findings provide novel insight into the mechanisms of HSCs in liver injury therapy. 

Applications

In conclusion, the current study shows that systemic HSC-CM (5d) therapy has profoundly improved survival in mice undergoing APAP-induced ALI. This work validates that conditioned medium of early activated HSCs induces an integrated response to liver injury and creates potential new avenues for the treatment.

Terminology

HSCs, first described by Kupffer in 1876, have emerged in the past 30 years as remarkably versatile mesenchymal cells. Previous studies have explored the importance of HSCs in liver fibrosis because HSC activation into myofibroblasts is thought to be the major pathway in hepatic fibrogenesis associated with liver injury. Beyond this well-known characteristic, however, many newly discovered activities have led to a greater understanding of this fascinating cell type and the complexity of cellular homeostasis in the liver.

Peer-review

This work by Chang et al describes the protective effect of conditioned medium from early activated HSCs on hepatocytes in injured liver from APAP injury. The work is novel and not described before. The findings point towards an in vivo protective component of HSCs during early activation.
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FIGURE LEGENDS

Figure 1  Morphological features and -SMA expression of cultured hepatic stellate cells during the activation process. Primary hepatic stellate cells (HSCs) were maintained on uncoated plastic dishes. HSCs presented a star-shaped appearance with fewer and smaller lipid droplets in the cytoplasm after primary culture for five days, and began to express -SMA at non-uniform levels between cells. Subcultured HSCs evolved into myofibroblast-like cells without lipid droplets in the cytoplasm and expressed a uniform and higher level of -SMA. Red: desmin; green: -SMA; blue: nucleus (DAPI). Merged images are also shown. White arrows point to HSCs expressing high level of -SMA. Bar = 100 m.
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Figure 2  Ultrastructure of hepatic stellate cells observed under a transmission electron microscope. A: HSCs contained lipid droplets (L) around the nucleus (N) after primarily cultured for 24 h; B: Primary HSCs were characterized by decreased lipid droplets and a moderate amount of rough endoplasmic reticulum (ER) and mitochondria (M) when cultured for 5 d; C: HSCs (P3) exhibited marked hypertrophy of rough endoplasmic reticulum and microfilaments, but no lipid droplets. Black arrows point to microfilaments. HSC: Hepatic stellate cell.
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Figure 3  Infusion of hepatic stellate cell lysate provides a trend toward increased survival in acetaminophen-induced acute liver injury. All animals were fasted overnight before acetaminophen (APAP) treatment. Mice administered APAP were treated by intravenous injection of hepatic stellate cells (HSCs) or HSC lysates from the same cell mass (0.2 mL, about 2 × 106 cells). Control mice received vehicle (0.2 mL, high-glucose DMEM). Kaplan-Meier survival analysis of APAP-administered mice treated with cell transplants or lysates is performed. Time points of interventions are stated above survival plots. The results are cumulative data of two independent experiments (n = 13 per group) using different batches of HSCs. The number of death mice during survival analysis in each group: 9 in vehicle, 10 in HSC (5d) transplant, 6 in HSC (5d) lysate, 9 in HSC (P3) transplant, and 8 in HSC (P3) lysate. P-values were determined by the Kaplan-Meier analysis. aP < 0.05 vs control. NS: Not significant.
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Figure 4  Hepatic stellate cell-CM (5d) provides a survival benefit in acute liver injury mice and reverses acute liver injury in a cell mass-dependent manner. A: Kaplan-Meier survival analysis of acetaminophen (APAP)-administered mice treated with concentrated hepatic stellate cell (HSC)-CM (0.2 mL, conditioned medium of 2 × 106 cells HSCs). Control mice received vehicle (0.2 mL, high-glucose DMEM). The results for both panels are cumulative data of two independent experiments (n = 13 per group). The number of death mice during survival analysis in each group: 9 in vehicle, 3 in HSC (5d), and 7 in HSC (P3). P-values were determined by the Kaplan-Meier analysis, aP < 0.05 vs control; B: Dose-response graph of animal survival 72 h after acute liver injury (ALI) induction as a function of the mass of HSCs (5d) from which HSC-CM was derived; alanine aminotransferase (C), aspartate aminotransferase levels (D) in peripheral blood samples collected at 12, 24, 36, and 48 h after the systemic treatment. bP < 0.01 vs control. NS: No significant.
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Figure 5  Hepatic stellate cell-CM (5d) treatment improves hepatocellular necrosis and immune cell infiltration in APAP-injured liver tissue. All animals were fasted overnight before APAP treatment. Acute liver injury (ALI) mice were sacrificed 24 h after systemic vehicle or hepatic stellate cell (HSC)-CM treatment. Liver samples were subjected to histological analysis after HE staining. Microscopic low-power fields of liver tissue are shown after vehicle (A), HSC-CM (5d) (B) and HSC-CM (P3) (C) treatment. Necrotic area is indicated by arrowheads. 1: centrilobular vein, 2: portal vein. Bar = 100 μm. Scores were determined by semi-quantitative histological examination (D). Data are the mean ± SE of the mean of 10 random high-power fields per animal. aP < 0.05, bP < 0.01 vs control. Bar = 100 m. NS: Not significant.
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Figure 6  Differences between hepatic stellate cell-CM (5d) and hepatic stellate cell-CM (P3) in cytokine composition. Serum-free hepatic stellate cell (HSC)-CM was analyzed using an antibody array for 144 specified proteins. A: Densitometry of spotted antibody array results. Data are presented as spot intensity relative to the negative control and normalized to the positive control. 1Molecules whose concentrations in HSC-CM (5d) were more than twice as high as in HSC-CM (P3); 2molecules whose concentrations in HSC-CM (P3) were more than twice as high as in HSC-CM (5d). Pie chart showing cluster analysis of HSC (5d) secreted proteins (B) and HSC (P3) secreted proteins (C) based on reported function. 
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