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Abstract
BACKGROUND
Recently, the exclusive use of mesenchymal stem cell (MSC)-secreted molecules, named as the secretome, rather than cells haves been evaluated for overcoming the limitations of cell-based therapy while maintaining its advantages. 

AIM
To improve cell-free therapy by adding disease-specificity through stimulation of MSCs using disease-causing materials.

METHODS 
We collected the secretory materials (named as inducers) released from AML12 hepatocytes that had been pretreated with thioacetamide (TAA) and generated the TAA-induced secretome (TAA-isecretome) after stimulating adipose-derived stem cells (ASCs) with the inducers. The TAA-isecretome was intravenously administered to mice with TAA-induced hepatic failure and those with partial hepatectomy.

RESULTS 
TAA-isecretome infusion showed higher therapeutic potential in terms of (1) restoring disorganized hepatic tissue to normal tissue; (2) inhibiting proinflammatory cytokines (interleukin-6 and tumor necrosis factor-α); and (3) reducing abnormally elevated liver enzymes (aspartate aminotransferase and alanine aminotransferase) compared to the naïve secretome infusion in mice with TAA-induced hepatic failure. However, the TAA-isecretome showed inferior therapeutic potential for restoring hepatic function in partially hepatectomized mice. Proteomic analysis of TAA-isecretome identified that antioxidant processes were the most predominant enriched biological networks of the proteins exclusively identified in the TAA-isecretome. In addition, peroxiredoxin-1, a potent antioxidant protein, was found to be one of representative components of TAA-isecretome, and playeds a central role in the protection of TAA-induced hepatic injury.

CONCLUSION
Appropriate stimulation of adipose-derived stem cells ASCs with TAA led to the production of a secretome enriched with proteins, especially peroxiredoxin-1, with higher antioxidant activity. Our results suggest that appropriate stimulation of MSCs with pathogenic agents can lead to the production of a secretome specialized for protecting against the pathogen. This approach is expected to open a new way of developing various specific therapeutics based on the high plasticity and responsiveness of MSCs.

Key words: Adipose-derived stem cells; Disease-specificity; Mesenchymal stem cells; Secretome; Peroxiredoxin-1; Thioacetamide; Toxic hepatic failure 
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INTROCUCTION
For several decades, numerous efforts have been made to harness the potential of mesenchymal stem cells (MSCs) for biotherapeutic applications. MSCs have a variety of advantages, including high availability, ease of isolation and expansion, functional plasticity, and low immunogenicity[1-3]. Although application of MSCs has shown promising preclinical and clinical outcomes, their clinical applications remain challenging, possibly because of their genetic instability during in vitro expansion, poor growth kinetics, early senescence, and, particularly, the potential for malignant transformation[4-9].	Comment by Author: “Citing more than five references in a single citation, even when separated by a hyphen, should be avoided” (pg. 13 Guidelines for Manuscript Preparation and Submission)
Recently, the exclusive use of MSC-secreted molecules rather than the cells alone has gained attention for overcoming the limitations of cell-based therapy while maintaining its advantages. The total set of molecules secreted or surface-shed by cells is generally referred to as the secretome. The secretome includes bioactive peptides, such as cytokines, chemokines, and growth factors[10,11]. Accumulating evidence supports that the principal action mechanism of MSCs is secretome-mediated[10,12-14]. These soluble factors are released from MSCs either alone or in extracellular vesicles (EVs). Therefore, using these cell-free products may indeed represent an alternative to therapies based on cell transplantation.
The composition of the secretome is influenced by various external factors, including the cell source, type of culture media, culturing period, and preconditioning treatment. Therefore, one can use a secretome therapeutically either without manipulation or by manipulating MSCs to release specific secretome components. The latter includes (1) adjustments to the physicochemical environment during secretome preparations; and (2) development of genetically-engineered MSCs. We previously validated the amplified therapeutic potential of adipose-derived stem cell (ASC)-secretome by physicochemically controlling the secretome-obtaining process, such as hypoxic preconditioning[15,16] or using an endotoxin (lipopolysaccharide)[17].
Interestingly, proteomic analysis of EVs obtained from hepatocytes exposed to liver toxins revealed that they contained higher levels of vital liver-specific proteins, such as carbamoyl phosphate synthetase 1, S-adenosyl methionine synthetase 1, and catechol-O-methyltransferase[18,19]. This suggests that MSCs can be induced to generate a specialized secretome customized to a specific disease. We herein defined induced secretome (isecretome) as the secretome released from MSCs that had been stimulated by disease-causing materials to treat the specific disease. Thioacetamide (TAA) is a well-known hepatotoxin. In this study, we attempted to validate the higher therapeutic effects of the secretome induced by TAA (TAA-isecretome) compared to the naïve secretome, specifically in mice with TAA-induced hepatic failure. If the superiority of an isecretome over a naïve secretome is demonstrated, it is could provide a foundation for producing a disease-specific isecretome applicable to specific diseases.

MATERIALS AND METHODS
Cell culture
The AML12 mouse hepatocyte cell line was obtained from American Type Culture Collection (ATCC; Manassas, VA, United States). AML12 cells were maintained in DMEM/F12 (Dulbecco's Modified Eagle Medium/Ham's F-12; Thermo, Carlsbad, CA, United States). The medium was supplemented with 10% FBS (fetal bovine serum; GibcoBRL, Carlsbad, CA, United States), 1% antibiotics (Thermo), 1x× ITS supplement (Insulin-Transferrin-Selenium-G supplement; Invitrogen, Carlsbad, CA, United States), and 40 ng/ml dexamethasone (Sigma-Aldrich, St. Louis, MO, United States) at 37 °C. Human adipose-derived stem cells (ASCs) were kindly donated by Hurim BioCell Co. (Seoul, South Korea). ASCs were cultured in MesenPRO RS basal medium (GibcoBRL) supplemented with antibiotics (Penicillin-streptomycin; GibcoBRL) at 37 °C. 

Preparation of the secretome released from ASCs
After reaching 70%–80% confluence, ASCs were re-fed with serum free DMEM low-glucose medium (Thermo Fisher Scientific, Waltham, MA, United States) at 37 °C under 5% CO2. The conditioned media (CM) obtained from each set of ASCs were concentrated by 25-fold using ultrafiltration units (Amicon Ultra-PL 3; Millipore, Bedford, MA, United States) with a 3-kDa cutoff. The concentrated CM, which had been attained from TAA-untreated, TAA-treated, and pcDNA-HBx[20] transfected culturing conditions, was named as CM (or control secretome), TAA-induced CM (TAA-iCM, representing the TAA-isecretome), and HBx-induced CM (HBx-iCM), respectively. 

Cell proliferation assay
Cell proliferation was evaluated with 2-(4-iIodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium (water soluble tetrazolium salt, WST-1) assay using EZ-Cytox Cell Proliferation Assay kit (Itsbio, Seoul, South Korea) according to the manufacturer’s instruction. Absorbance was measured at 450 nm using the microplate reader (model 680; Bio-Rad, Hercules, CA, United States)[16]. 

Western blot analysis
AML12 cells and liver specimens obtained from mice were lysed using the EzRIPA Lysis kit (ATTO Corporation; Tokyo, Japan), and quantified by Bradford reagent (Bio-Rad). Proteins were visualized by western analysis using the following primary antibodies (1:1000 dilution) at 4 °C overnight and then with horseradish ( HRP)-conjugated secondary antibodies (1:2000 dilution) for 1 h at 25 °C[16]. From Cell Signaling Technology (Beverly, MA, United States), we obtained primary antibodies against BAX (Bbcl-2-like protein 4), BIM (Bcl-2-like protein 11), GPx (gGlutathione peroxidase), HGF (hepatocyte growth factor), Mcl-1 (myeloid cell leukemia 1), PARP (Ppoly ADP-rRibose pPolymerase), PCNA (pProliferating cell nuclear antigen), p-ERK (phosphorylated extracellular signal-regulated kinase), p-STAT3, SOD (sSuperoxide dismutase), STAT3 (sSignal transducer and activator of transcription 3), VEGF (vVascular endothelial growth factor), c-caspase-3 (cleaved -caspase 3), fFibronectin, F4/80, p-ERK, β-actin, and horseradish peroxidase (HRP)-conjugated secondary antibody. Specific immune complexes were detected using the Western Blotting Plus Chemiluminescence Reagent (Millipore, Bedford, MA, United States).

Animals and study design
Eight-week-old male BALB/c mice (Damool Science, Daejeon, South Korea) were used in this study. Animal studies were carried out in compliance with the guidelines of the Institute for Laboratory Animal Research, Korea (IRB No: CMCDJ-AP-2016-001). We  then compared the effects of the TAA-isecretome in an in vivo model of TAA-induced hepatic failure. The in vivo model was generated by subcutaneous injection of TAA (300 mg/kg, 24 h intervals for 2 d) into experimental mice. Subsequently, control mice and TAA-treated mice were intravenously (using tail vein) infused with normal saline (n = 15), CM (n = 15), and TAA-iCM (n = 15), respectively. An in vivo model of 70% partial hepatectomy (PH) was performed (n = 12)[21].

Serology test and enzyme-linked immunosorbent assay (ELISA)
Blood samples were collected from each mouse, centrifuged for 10 min at 9500 g, and serum was collected. We measured the concentrations of markers for liver injury and kidney injury, such as aspartate transaminase (AST), alanine transaminase (ALT), and creatine, using an IDEXX VetTest Chemistry Analyzer (IDEXX Laboratories, Inc., Westbrook, ME, United States). The concentrations of mouse interleukin (IL)-6 and tumor necrosis factor (TNF)-α were measured by sandwich enzyme-linked immunosorbent (ELISA) assay (Abcam, Cambridge, United Kingdom) according to the manufacturer’s instructions.

Histological assessment of mouse specimens
Mouse livers and kidneys from each group were fixed in 10% buffered formalin, embedded in paraffin, and sectioned at 4 µm thickness. Tissue sections were stained with hematoxylin and eosin (HE). The scores for the severity of liver and kidney injury were as follows: 1 (normal); 2 (mild injury); 3 (moderate injury); and 4 (severe injury). Three liver sections were examined per mouse, and three randomly selected high-power fields (40 x×) were analyzed for each liver section. The mean score for each animal was determined by summing all scores.

Immunohistochemistry staining
For immunohistochemical analysis, formalin-fixed, paraffin-embedded tissue sections were deparaffinized, rehydrated in an ethanol series, and subjected to epitope retrieval using standard procedures. Antibodies against CD68, PECAM platelet endothelial cell adhesion molecule (platelet endothelial cell adhesion moleculePECAM), and albumin (all from Cell Signaling Technology, Danvers, MA, United States) were used for immunochemical staining. The samples were then examined under a laser-scanning microscope (Eclipse TE300; Nikon, Tokyo, Japan) to analyze the expression of CD68, PECAM, and aAlbumin. 

Liquid chromatography–mass spectrometry/mass spectrometryLC-MS/MS (LC-MS/MS) on the Q-Exeactive Plus mass spectrometry
All digested peptides were separated and identified using on-line nano liquid chromatographyLC and analyzed by electrospray tandem mass spectrometryMS. For peptide identification, MS/MS spectra were searched by MASCOT (Matrix science, version 2.41)[22]. The genome sequence of the Uniprot_Human was used as the database for protein identification. To predict affected pathways among the differentially expressed genes, gene ontology (GO) enrichment analysis were performed using DAVID (http://david.abcc.ncifcrf.gov/).

Statistical analysis
Statistical analyses were performed with SPSS 11.0 software (SPSS Inc., Chicago, IL, United States) and SigmaPlot® ver. 12.0 (Systat Software Inc., Chicago, IL, United Statesl). The data are presented as mean ± SD. Statistical comparison among groups was determined using Kruskal–Wallis test followed by Dunnett’s test as the post hoc analysis. Probability values of P < 0.05 were regarded as statistically signiﬁcant.

RESULTS
Generation of an isecretome specialized for recovering TAA-induced toxic hepatic failure
Figure 1A shows the concept of generating the TAA-induced secretome for treating TAA-induced hepatic failure. We first determined the TAA concentration required to produce the TAA-induced secretome. To achieve this, we investigated AML12 cell proliferation and the expression of proliferation intermediates (PCNA, p-STAT3, and STAT3) in AML12 cells at different TAA concentrations (Figure 1B and 1C). We found that 0.25 mmol/L TAA was appropriate because its moderately increased proliferation intermediates without significantly decreasing cell viability. We named the secretory materials released from TAA-treated AML12 cells as “inducer.”. 
Next, we examined the dilution rate of inducers that maximizes the expression of the proliferation markers (PCNA, p-ERK, p-STAT, and HGF) in ASCs. Of the tested dilution rates (1:100, 1:500, and 1:1000), 1:1000 maximally induced the expression of these markers (Figure 1D). 

Determination of in vitro effects of TAA-isecretome
Next, we evaluated the effects of the TAA-isecretome in an in vitro model of TAA-induced hepatic failure. We found that 50 mM TAA was effective for generating the in vitro model of TAA-induced hepatic failure based on the results of cell viability assay and western blot analyses (Figure 2A and 2B). Briefly, we named the secretome obtained from 48 h of incubation of ASCs as CM (normal conditioned media) and that used to generate the TAA-isecretome as iCM (induced conditioned media). We then treated normal and TAA-treated hepatocytes with CM and iCM, respectively. Cell viability tests showed that iCM-treated hepatocytes had the highest cell viability in both normal and TAA-treated hepatocytes (Figure 2C). Additionally, iCM-treated hepatocytes showed the highest expression of markers reflecting liver regeneration (HGF, VEGF, PCNA, and p-ERK) and lowest expression of markers reflecting apoptosis and inflammation (PARP, BIM, BAX, and F4/80) in by western blot analysis (Figure 2D).

Determination of in vivo effects of isecretome and comparison of systemic markers after each treatment
We then compared the effects of the TAA-isecretome in an in vivo model of TAA-induced hepatic failure. The in vivo model was generated by subcutaneous injection of TAA (300 mg/kg, 24-h intervals for 2 d) into experimental mice. Subsequently, control mice and TAA-treated mice were intravenously (using tail vein) infused with normal saline, CM, and iCM, respectively (Figure 3A). At 48 h after treatment, the mice were euthanized, and the specimens were investigated. Serologic tests showed that among these groups, iCM administration showed the greatest effects in lowering the serum levels of aspartate transaminaseAST, alanine transaminaseALT, and creatinine in TAA-treated mice (Figure 3B). Similarly, ELISA showed that iCM administration lowered decreased the serum levels of IL-6 and TNF-α in TAA-treated mice by more than in the other groups (Figure 3C).

Comparison of markers reflecting liver regeneration and inflammation in liver specimens of each group
We performed western blot analysis to compare the expression of various markers reflecting liver regeneration and inflammation in the liver specimens of each group. iCM infusion caused the highest expression of PCNA, p-ERK, p-STAT, and fibronectin in both control livers and those of TAA-treated mice (Figure 4A). Additional western blot analysis showed that iCM infusion most significantly increased the expression of antioxidant enzymes (SOD, catalase, and GPx), and an anti-apoptotic protein (Bcl-xL) and most significantly decreased the expression of pro-apoptotic proteins (c-caspase -3 and Bax) (Figure 4B and 4C).
iCM infusion most significantly decreased both liver-damage and kidney-damage scores that had been calculated based on hematoxylin and eosinHE staining (Figure 5A). Further, immunohistochemical staining showed that iCM infusion most significantly decreased the expression of inflammatory markers (CD68 and PECAM) and most significantly increased the expression of albumin (Figure 5B).

Validation of disease-specificity of isecretome and analysis of their contents
To validate disease-specific effectiveness of the TAA-isecretome, we intravenously infused the TAA-isecretome into another model of liver injury, a mouse model of 70% partial hepatectomy. At 2 d after infusion, the mice were euthanized, and the specimens were investigated. Western blot analysis revealed that CM infusion, rather than TAA-iCM infusion, induced higher expression of proliferation markers (p-ERK and PCNA) and an anti-apoptoicantiapoptotic marker (Mcl-1), as well as lower expression of a pro-apoptotic marker (Bax). (Figure 6A). Taken altogether, the TAA-isecretome had the best proliferative and anti-inflammatory effects, particularly in TAA-induced hepatic failure, indicating the potential for disease-specific treatment.
Various sets of isecretome specialized for individual diseases can be produced using corresponding disease-causing materials. We additionally generated an HBx-isecretome (HBx-iCM) using hepatitis X antigens as inducers, and compared the components of the CM, TAA-iCM, and HBx-iCM using liquid chromatography–mass spectrometry (LC/MS). Of the total proteins identiﬁed in the CM, TAA-iCM, and HBx-iCM, 32 secretory proteins were quite different according to the each set of secretome (Figure 6B). Of them, we further investigated 10 ten proteins that had been identified in TAA-iCM, but not in the CM. To predict affected pathways among the differentially expressed genes of the 10 ten proteins, gene onthology (GO) enrichment analysis were performed using DAVID (http://david.abcc.ncifcrf.gov/). GO enrichment analysis identified the 19 enriched biological networks of the 10 proteins that had been exclusively identified in TAA-isecretome. Of the 19 enriched biological networks, the two most prominent biological processes were the response to reactive oxygen species and cell redox homeostasis, all of which were related with antioxidant activity. Of the ten10 proteins, peroxiredoxin-1 (Prdx-1) attracted our attention because it is known to have potent antioxidant activity (Figure 6C).
Prdx-1 exerts its antioxidant activity by catalyzing the reduction of H2O2 and alkyl hydroperoxide, and thus protects cells from the attack of free radicals. Prdx-1 belongs to the tToll-like receptor 4 (TLR4) ligand[23]. We thus compared the expression of a hepatoproliferative marker (p-ERK) according to the expression of Prdx-1 (Figure 6D). When treatedAfter treatment with the TAA-iCM, AML2 hepatocytes showed the higher expression of p-ERK as well as Prdx-1 compared with AML2 cells treated with the CM (P < 0.05). Subsequently, we compared the efficacy of the TAA-iCM after pre-treatment of TAK242, a TLR4 inhibitor. Pre-treatment of TAK242 did not only inhibit the expression of Prdx-1, but also inhibited the expression of p-ERK, the hepatoproliferative marker. Taken altogether, our results suggest that Prdx-1 is one of the essential components in TAA-iCM, and plays a central role in the protection of TAA-induced hepatic injury.

DISCUSSION
In this study, we showed that the TAA-induced secretome (isecretome) was superior to the naïve secretome in restoring hepatic function while minimizing inflammatory processes in mice with TAA-induced hepatic failure. Specifically, isecretome infusion showed higher therapeutic potential in terms of (1) restoring disorganized hepatic tissue to normal tissue; (2) inhibiting proinflammatory cytokines; and (3) reducing abnormally elevated liver enzymes compared to naïve secretome infusion. The plasticity of MSCs in response to specific toxins may have led to the generation and secretion of protective agents (isecretome) against them. Our proteomic analysis indicated that the secretome components exhibited considerable differences according to the “inducing materials.”. We expect that clinical application of this concept would be useful for overcoming a variety of diseases for which therapeutics have not been discovered. 
Generally, cells have the propensity to protect themselves after exposure to detrimental stimuli or toxins. Because MSCs are unspecialized cells, they have higher plasticity and responsiveness than other cell types,; i.e., they can either differentiate into specialized cells or release responsive materials more proficiently than differentiated cells depending on the external stimuli. Rodríguez-Suárez et al[18] investigated the proteome of EVs secreted by primary hepatocytes after exposure to well-known liver toxins (galactosamine and Escherichia coli-derived lipopolysaccharide). EVs exposed to liver toxins contained higher levels of vital liver-specific proteins, such as carbamoyl phosphate synthetase 1, S-adenosyl methionine synthetase 1, and catechol-O-methyltransferase compared to control EVs. The secretome composition is influenced by a variety of external factors, including the cell source, type of culture media, culturing period, and physicochemical environment. Vizoso et al[24] classified the external stimuli into four major categories: (1) hypoxic preconditioning; (2) pro-inflammatory stimuli, such as TNF-α, lipopolysaccharide, tToll-like receptor agonists; (3) three-dimensional growth, such as spheroid culture, which stimulates trophic factor secretion; and (4) microparticle engineering, by which the release of a secretome is manipulated. Using the higher plasticity and responsiveness of MSCs, we induced a specific secretome specialized for treating a specific disease. 
Whereas the secretome was obtained by nonspecific stimulation, the isecretome wais obtained by using stimuli specific for individual respective diseases, allowing for disease-specific therapy. The isecretome for a specific disease is obtained by stimulating MSCs with specific pathogens involved in the pathogenesis of the disease. This concept is based on the superior responsiveness and plasticity of MSCs compared to host cells, which were exploited in several previous studies[25,26]. Prado et al[27] reported the successful prevention of allergic reaction by intranasal administration of EVs in a murine model of Ole e 1 (the main allergen of olive tree pollen)-allergic sensitization. The EVs were first obtained from bronchoalveolar lavage fluid in mice that had been exposed to Ole e 1. Their favorable results were based on the plasticity of mature respiratory cells. In contrast, our experiment is based on the plasticity of MSCs that are is by far higher than that of mature cells, and demonstrated the higher increased therapeutic potential. 
A prerequisite to obtaining a disease-specific secretome is to determine optimized conditions under which pathogenic materials appropriately induce MSCs to produce protective materials. Too strong or too weaek stimulation of MSCs is undesirable because this can lead to either MSC damage or insufficient generation of the isecretome, respectively. To obtain the TAA-isecretome, we first collected the secretoary materials from hepatocytes after treating the cells with a hepatotoxin (TAA), which were named as inducers. We then harnessed ASCs to release the isecretome by treating ASCs with inducers. For this, we determined (1) the concentration of TAA that both maximally stimulated and minimally damaged hepatocytes; and (2) the optimal dilution rate of inducers for harnessing ASCs to release the isecretome with maximal therapeutic potential. We validated this process by western blot analyses of markers reflecting the proliferation and apoptosis of cells. 
The hepatotoxic effect of TAA is attributed to its metabolic intermediate, thioacetamide-S-oxide[28]. It is a free radical which that binds to hepatic macromolecules, subsequently leading to necrosis of hepatocytes. Silymarin is one of the best known hepatoprotective drugs, of which (the mechanism of action is largely dependent on its antioxidant and free radical scavenging activities)[29]. Throughout LC/MS analysis, we recognized t1en0 proteins that had been exclusively identified in the TAA-iCM but not in the CM but in the TAA-iCM. GO enrichment analysis of these proteins found that antioxidant processes were the most predominant enriched biological networks. Of the ten10 proteins, Prdx-1 attracted our attention because it is known to have potent antioxidant activity.
Prdx-1 is an antioxidant enzyme belonging to the peroxiredoxin family of proteins. It has excellent antioxidant activity by catalyzing the reduction of H2O2 and alkyl hydroperoxide, and thus protects cells from the attack of free radicals. In an experiment, Prdx-1 knockdown significantly increased the cellular levels of free radicals, while Prdx-1 overexpression reversed them[30]. Binding of Prdx-1 to TLR4 induceds the release of numerous cytokines and growth factors, such as IL-6, TNF-α, and vascular endothelial growth factor (VEGF)[23,31]. Moreover, we found that the inhibition of TLR4 by TAK242 (a TLR4 inhibitor) led to significant reduction in the expression of p-ERK (a proliferative marker) as well as Prdx-1. Taken altogether, our results suggest that Prdx-1 is one of the representative components released from ASCs that had been induced by TAA, and plays a central role in the protection of TAA-induced hepatic injury.
The principle of generating the isecretome is similar to how antibodies against specific antigens are obtained in serotherapy. In serotherapy, introduction of attenuated antigens into the host induces the generation of antibodies against these antigens, which are collected to treat patients suffering from antigen-related disease. Similarly, in isecretome-based therapy, presensitization of MSCs with pathogens induced the generation of the secretome including protective agents against pathogens, which were collected to treat pathogen-causing disease. Because isecretome therapy provides a disease-specific approach, specific therapeutics can be developed based on high plasticity and responsiveness of MSCs. Further studies on the isecretome are expected to identify therapeutic materials by reproducing the pathogenesis of a certain disease within MSCs. There are numerous diseases for which therapeutics have not been developed or are ineffective. We presumed that MSCs can reproduce the repair materials against certain incurable illnesses when encountered during pathogenesis. There are two main clinical applications of the isecretome: 1) direct utilization as therapeutic materials and 2) identification of more specific ingredients as therapeutic materials. The latter is accomplished by proteomic studies of isecretome components. Using isecretome-based technology, we could build “biological drug factories” based on the plasticity of MSCs that produce therapeutic materials from MSCs.
In conclusion, we showed that the TAA-induced secretome was superior to the naïve secretome in restoring hepatic function while minimizing inflammatory processes in mice with TAA-induced hepatic failure. However, such superiority was not observed in the mouse model of partial hepatectomy. This suggests that the specific pathogen induces MSCs to release the secretome specialized for the pathogen. Free radicals are principal pathogenic agents in the pathogenesis of TAA-induced hepatic injury. LC/MS analysis and subsequent GO enrichment analysis of TAA-isecretome identified that antioxidant processes were the most predominantly enriched biological networks of the proteins exclusively identified in the TAA-isecretome. In addition, Prdx-1, a potent antioxidant protein, was found to be one of the representative components of the TAA-isecretome, and playeds a central role in the protection of TAA-induced hepatic injury.
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Research background
The exclusive use of mesenchymal stem cell (MSC)-secreted molecules, named as the secretome, rather than stem cells haves been evaluated for overcoming the limitations of cell-based therapy while maintaining its advantages. As recent studies have shown that this secretome has therapeutic effects similar to stem cells, the secretome has become the basis of cell-free therapy.

Research motivation
The composition of the secretome is influenced by various external factors, including the cell source, type of culture media, culturing period, and preconditioning treatment. Previous studies suggest that MSCs can be induced to generate a specialized secretome customized to a specific disease. We herein defined induced secretome (isecretome) as the secretome released from MSCs that had been stimulated by disease-causing materials to treat the specific disease. 

Research objectives
Thioacetamide (TAA) is a well-known hepatotoxin. We thus attempted to validate the higher therapeutic effects of the secretome induced by TAA (TAA-isecretome) compared to the naïve secretome, specifically in mice with TAA-induced hepatic failure. If the superiority of the isecretome over the naïve secretome is demonstrated, it is could provide a foundation for producing a disease-specific isecretome applicable to specific diseases.

Research methods
We collected the secretory materials (named as inducers) released from AML12 hepatocytes that had been pretreated with TAA and generated the TAA-induced secretome (TAA-isecretome) after stimulating ASCs with the inducers. The TAA-isecretome was intravenously administered to mice with TAA-induced hepatic failure and those with partial hepatectomy. In addition, we generated an HBx-isecretome using hepatitis X antigens as inducers, and compared the components of the naïve secretome, TAA-isecretome, and HBx-isecretome using liquid chromatography–mass spectrometry (LC/MS). 

Research results
Compared to the naïve secretome infusion, TAA-isecretome infusion showed higher therapeutic potential in terms of (1) restoring disorganized hepatic tissue to normal tissue; (2) inhibiting proinflammatory cytokines (interleukin-6 and tumor necrosis factor-α); and (3) reducing abnormally elevated liver enzymes (aspartate aminotransferase and alanine aminotransferase) in mice with TAA-induced hepatic failure. However, the TAA-isecretome showed inferior therapeutic potential for restoring hepatic function in partially hepatectomized mice. Proteomic analysis of the TAA-isecretome identified that antioxidant processes were the most predominant enriched biological networks of the proteins exclusively identified in the TAA-isecretome. In addition, peroxiredoxin-1, a potent antioxidant protein, was found to be one of the representative components of the TAA-isecretome. 

Research conclusions
We showed that the TAA-induced ssecretome was superior to the naïve secretome in restoring hepatic function while minimizing inflammatory processes in mice with TAA-induced hepatic failure. However, such superiority was not observed in the mouse model of partial hepatectomy, suggesting disease-specificity of the TAA-isecretome. Free radicals are principal pathogenic agents in the pathogenesis of TAA-induced hepatic injury. Proteomic analysis of TAA-isecretome identified that antioxidant processes were the most predominantly enriched biological networks of the proteins exclusively identified in the TAA-isecretome. In addition, Prdx-1, a potent antioxidant protein, was found to be one of the representative components of the TAA-isecretome.

Research perspectives
Our results suggest that appropriate stimulation of MSCs with pathogenic agents can lead to the production of a secretome specialized for protecting against the pathogen. This approach is expected to open a new way of developing various specific therapeutics based on the high plasticity and responsiveness of MSCs.
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Figure 1 Generation of thioacetamide-induced secretome specialized for thioacetamide-induced toxic hepatic failure. A: Basic concept of induced secretome (isecretome) conditioned media (iCM)-based therapy. Induced secretome conditioned mediaiCM therapy utilizes the mesenchymal stem cells’ ability to generate disease-protecting materials for specific pathogens. After identifying disease-causing materials (TAA), mouse hepatocytes were treated with TAA, and then secretary proteins (inducers) were collected. The inducers were utilized to induce a dipose-derived stem cellsASCs to release the TAA-induced secretome; B: AML12 cell proliferation assay according to TAA concentrations. No significant changes in the range of tested concentrations were found; C: Western blotting showing the expression of proliferation markers in AML12 cells according to TAA concentrations. We determined that 0.25 mmol/L TAA was an “inducer” of adipose-derived stem cells ASCs because it moderately increased proliferation marker expression without reducing proliferation; D: Western blotting to determine dilution rate of inducers that maximized the expression of markers related to liver regeneration in adipose-derived stem cellsASCs. A dilution rate of 1000-fold maximally induced marker expression. Values are presented as mean ± SD of three independent experiments. aP < 0.05. PCNA: Proliferating cell nuclear antigen; p-ERK: Phosphorylated extracellular signal-regulated kinases; p-STAT3: Phosphorylated signal transducer and activator of transcription 3; TAA: Thioacetamide; ASCs: Adipose-derived stem cells.
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Figure 2 Determination of in vitro effects of thioacetamide-induced secretome. A, B: Cell proliferation test (A) and western blotting (B) of AML12 cells to determine TAA concentration for generating an in vitro model of TAA-induced hepatic failure. A TAA concentration of 50 mM was used for TAA-induced hepatocytes; C, D: Effects of the TAA-induced secretome on the in vitro model of TAA-induced hepatic failure. Cell proliferation test (C) demonstrated that induced Cconditioned mediaM-treated hepatocytes showed the highest cell proliferation in both normal and TAA-treated hepatocytes. In western blot analysis (D), induced conditioned mediaiCM-treated hepatocytes showed the highest expression of liver regeneration markers and lowest expression of apoptosis and inflammation markers. 
Values are presented as mean ± SD of three independent experiments. aP < 0.05; cP < 0.05 vs mediaM; eP < 0.05 between conditioned media aCM and induced conditioned mediaCM. Bax: Bcl-2-like protein 4; BIM: Bcl-2-like protein 11; Ct: Control; iCM: Induced secretome group of which components were the TAA-induced secretome; HGF: Hepatocyte growth factor; M: Media group of which components were commercialized conditioned media; Mcl-1: Myeloid cell leukemia 1; CM: Normal conditioned media group of which components were the naïve secretome; PARP: Poly adenosine diphosphate-ribose polymerase; PCNA: Proliferating cell nuclear antigen; p-ERK: Phosphorylated extracellular signal-regulated kinases; p-JNK: Phosphorylated Jun N-terminal kinase; TAA: Thioacetamide; VEGF: Vascular endothelial growth factor.
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Figure 3 Animal study design and comparison of systemic effects in each group. A: Animal study design. Control mice and TAA-treated mice were intravenously (using tail vein) infused with normal saline, conditioned media (CM), and iinduced CM (iCM); B: Serology tests of aspartate transaminaseAS, T, ALTalanine transaminase, and creatinine in TAA-treated mice. iCM infusion decreased the serum levels of aspartate transaminase, alanine transaminase,AST, ALT, and creatinine to the greatest extents; C: Results of ELISA showing serum levels of inflammatory markers (IL-6 and TNF-α) in each group. iCM administration lowered the serum levels of IL-6 and TNF-α the most in TAA-treated mice. Values are presented as mean ± SD of three independent experiments. cP < 0.05 vs controlCt (saline); eP < 0.05 between CM and iCM. ALT: Alanine transaminase; AST: Aspartate transaminase; iCM: Isecretome group of which components were the TAA-induced secretome; NCM: Normal conditioned media group of which components were the naïve secretome; PECAM: Platelet endothelial cell adhesion molecule; TAA: Thioacetamide.
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Figure 4 Molecular studies validating effects of thioacetamide-iinduced secretome in the mouse model of thioacetamide-induced hepatic failure. A: Pro-proliferative actions of the TAA-induced secretome in the mouse model of TAA-induced hepatic failure. Western blot analysis comparing the expression of various markers reflecting liver regeneration and inflammation in liver specimens of each group. TAA-induced conditioned mediaCM infusion induced the highest expression of PCNA, p-ERK, p-STAT, and fibronectin in both control livers and those of TAA-treated mice; B: Antioxidant actions of TAA-induced secretome in the mouse model of TAA-induced hepatic failure. Western blot analysis was performed to compare the expression of antioxidant enzymes (SOD, catalase, and GPx) in liver specimens from each group. The TAA-induced conditioned mediaCM i infusion group showed the higher expression of antioxidant enzymes in the livers of TAA-treated mice compared to in the control group; C: Anti-apoptotic actions of the TAA-induced secretome in the mouse model of TAA-induced hepatic failure. TAA-iCM infusion group showed lower expression of pro-apoptotic proteins (c-Caspase-3 and Bax) and higher expression of an anti-apoptotic protein (Bcl-xL) in the livers of TAA-treated mice compared to in the control group. 
Values are presented as mean ± SD of three independent experiments. cP < 0.05 vs cControl (saline). Bax: Bcl-2-like protein 4; Bcl-xL: B-cell lymphoma-extra large; c-Cas3: Cleaved caspase-3; GPx: Glutathione peroxidase; iCM: Induced secretome group of which components were the TAA-induced secretome; CM: Normal conditioned media group of which components were the naïve secretome; PCNA: Proliferating cell nuclear antigen; p-ERK: Phosphorylated extracellular signal-regulated kinases; p-STAT3: Phosphorylated signal transducer and activator of transcription 3; SOD: Superoxide dismutase; TAA: Thioacetamide.
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Figure 5 Various stains validating effects of thioacetamide-induced secretome in the mouse model of thioacetamide-induced hepatic failure. A: TAA-induced conditioned mediaCM infusion most significantly decreased both liver damage and kidney damage scores calculated based on hematoxylin and eosinHE staining; B: Immunohistochemical staining of liver specimens. Immunohistochemical stains showed that TAA-induced conditioned mediaCM  infusion most significantly decreased the expression of inflammatory markers (CD68 and PECAM) and most significantly increased the expression of albumin. Values are presented as mean ± SD of three independent experiments. cP < 0.05 vs cControl (saline); eP < 0.05 between conditioned mediaCM and induced conditioned mediaCM.. iCM: Induced secretome group of which components were the TAA-induced secretome; CM: Normal conditioned media group of which components were the naïve secretome; TAA: Thioacetamide.



[image: ]
Figure 6 Validation of disease specificity and analysis of secreteome components. A: Western blot analysis showing effectiveness of the TAA-induced secretome (isecretome) in partially hepatectomized mice. TAA-induced conditioned media (iCM) infusion was inferior to CM infusion in partially hepatectomized mice, considering the lower expression of proliferation markers (p-ERK and PCNA), and an anti-apoptotic marker (Mcl-1) and higher expression of a pro-apoptotic marker (Bax) following TAA-iCM infusion; B: Heat map generated from label-free liquid chromatography–mass spectrometry LC-MS for quantitative proteomics reflecting protein expression values of the secretome, TAA-isecretome, and HBx-isecretome. Samples are arranged in columns and, proteins in rows. Red shades indicate, increased expression in samples compared to in control samples; green shades indicate, reduced expression; black indicates, median expression. Each sample for liquid chromatography–mass spectrometry LC-MS was pooled from three samples of the secretome. The components and concentration of various essential proteins varied widely between iCM and HBx-iCM, validating their specificity. Values are presented as mean ± SD of three independent experiments; C: Gene ontology (GO) enrichment analysis of the ten10 proteins that had been exclusively identified in the TAA-isecretome. Gene ontologyGO enrichment analysis identified the 19 enriched biological networks of the 10 proteins. Of the 19 enriched biological networks, two of the most prominent biological processes were the response to reactive oxygen species and cell redox homeostasis, all of which were related with to antioxidant activity; D: Peroxiredoxin-1 (Prdx-1) inhibition test. Prdx-1 is one of the potent antioxidant proteins, and was found to be one of ten10 proteins that had been exclusively identified in the TAA-isecretome. We performed Prdx-1 inhibition test for the determination of the role of Prdx-1 in the hepatic reparative process. Herein, liver regenerative capacity was estimated by the expression of a hepatoproliferative marker (p-ERK). When treated with the TAA-iCM, AML2 hepatocytes showed the higherincreased expression of p-ERK as well as Prdx-1 compared with AML2 cells treated with the control CM (P < 0.05). Subsequently, we compared the efficacy of the TAA-iCM after pre-treatment of TAK242, a TLR4 inhibitor. Pre-treatment of TAK242 did not only inhibit the expression of Prdx-1, but also inhibited the expression of p-ERK, the hepatoproliferative marker, suggesting the hepatoprotective role of Prdx-1 in the liver. cP < 0.05 vs conCtrol (saline); eP < 0.05 between CM and iCM; gP < 0.05 between iCMs with or without TAK242. BIM: Bcl-2-like protein 11; iCM: Isecretome group of which components were the TAA-induced secretome; HBx-iCM: Isecretome group of which components were the HBx-induced secretome; Mcl-1: Myeloid cell leukemia 1; CM: Normal conditioned media group of which components were the naïve secretome; PCNA: Proliferating cell nuclear antigen; Prdx-1: Peroxiredoxin-1.
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