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Abstract

:

In recent years, nutritional supplements from different sources have been widely considered to support medical treatments in patients affected by chronic hepatopathies. Their potential therapeutic benefit has been recognized, but some evidence of safety issues has been reported. Recently it has been hypothesized that the liver could produce various of bioactive factors to maintain organ homeostasis and promote tissue healing. Thus, liver-specific preparations containing bioactive factors could provide a suitable substrate for in vitro study of liver tissue maintenance/healing, as a prospective regenerative medicine approach. Furthermore, they could represent a dietary supplement or nutraceutical for adjuvant therapies when correctly prepared and formulated. This work aims to provide data about the safety and biological activity of a freeze-dried porcine liver preparation. The lyophilized powder obtained from the whole organ has been tested in term of in vitro cell cytotoxicity (MTT assay) and proliferation assays (bromo-deoxyuridine incorporation and direct cell count) in two different cell types: human hepatoma HepG2 cell line and adipose-tissue-derived canine mesenchymal stromal cells (At-MSCs). At concentration levels between 100 to 500 µg/mL, the lyophilized liver powder stimulated mitochondrial metabolism as assessed by MTT assay (p ≤ 0.001 for HepG2 and for At-MSCs) and induced an increase in bromo-deoxyuridine incorporation in both cell types (p ≤ 0.01 for HepG2 and p < 0.001 for At-MSCs). In addition, direct cell count demonstrated a higher proliferative activity in treated At-MSCs (p < 0.001). Although preliminary, these data suggest that the whole-liver powder is noncytotoxic in vitro and may represent a stimulus to cell metabolism and proliferation. Further studies are needed to detect the bioactive components of the supplement and characterize in deeper detail the cellular pathways that they can modulate.
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1. Introduction


Chronic liver diseases represent a serious threat to public health worldwide, characterized by significant morbidity and mortality [1]. The European Union has the most significant liver disease rate globally, with variable epidemiological characteristics among the member states [2].



Common chronic liver diseases are, for example, those of viral origin, caused mainly by hepatitis B and C viruses, as well as those related to alcohol abuse, which have the highest incidence in the EU [2]. In recent years, however, nonalcoholic steatohepatitis (NASH), mainly linked to obesity as a risk factor, is also continuously increasing [3]. Other less common hepatopathies are cholestatic diseases, mainly represented by primary cholangitis (PBC) and primary sclerosing cholangitis (PSC), autoimmune hepatitis, genetic diseases such as hemochromatosis, in addition to alpha antitrypsin deficiency and cystic fibrosis [4].



A common feature of most of these pathologies is the development of hepatic fibrosis, which can be defined as the combination of quantitative and qualitative changes in the extracellular matrix, mainly due to collagen deposition, which progresses towards the complete disorganization of the hepatic architecture [2]. This advanced stage, that is known as cirrhosis [4], is responsible for more than 1 million deaths annually [5]. Once hepatic cirrhosis is present, the patient is prone to the onset of relevant complications such as liver failure, portal hypertension or the development of hepatocellular carcinoma [4].



In recent years, various efforts have been made to identify new treatments to stop the progression of chronic liver injuries and increase their prevention. At the same time, nutritional supplements are widely used to prevent diseases, but also as adjuvants accompanying conventional therapies in patients with chronic liver diseases. For some of these supplements, studies reporting their potential therapeutic benefits are available [6], but there is growing evidence that when not correctly used these supplements are responsible for hepatotoxicity [7].



Recent advances have been made dealing with the role of tissue-specific secretome in regulating tissue homeostasis [8]. The term secretome describes a complex mixture of bioactive molecules secreted by a cell population or a tissue, including soluble molecules and extracellular vesicles, but also extracellular matrix components [9]. It is now accepted that biologically active molecules derived from a specific organ can be useful to control tissue homeostasis and regeneration. For example, the use of decellularized liver has been proposed to maintain hepatocyte functions in vitro, when used as a whole preparation (3D scaffold) or powder [10,11,12]. These findings point out the attention to the preparation of biological substrates able to maintain organ specific activity, both in vitro and in vivo.



In this context, a supplement derived from a minimal manipulation of porcine liver, preserving biological features of organ-specific components, could be worthy of investigation. Among the various components of the liver-derived supplements, of particular interest is the secretome released by mesenchymal stromal cells (MSCs), a population of multipotent stem cells residing in numerous tissues and organs, including the liver [13]. MSCs can release in the extracellular space a rich and complex set of bioactive molecules (the MSC secretome), consisting of a secreted soluble protein fraction, mainly constituted of cytokines and growth factors, and of a vesicular component (extracellular vesicles, EV) [14]. Both the EVs and the soluble protein components can promote tissue regeneration, modulate the immune response, have antifibrotic effects and induce neo-angiogenesis in ischemic tissues [15,16].



EVs is a generic term representing a heterogeneous set of vesicles equipped with a phospholipid bilayer membrane, ranging in size from 40 to 1000 nm. EVs include exosomes, microvesicles, and apoptotic bodies, which differ in size, composition, and biology. EVs rapidly diffuse into a tissue, releasing trophic and immunomodulating factors at the damage site, promoting tissue repair and regeneration [15].



Thanks to their ability to reach target cells, regardless of the presence of biological barriers, among the EVs, exosomes and microvesicles are the most investigated cell-free therapeutic agents in regenerative medicine [16]. Exosomes, in particular, are easily transported by biological fluids and can reach different parts of the body thanks to their size. They express various chemokine receptors and adhesion molecules that drive their homing to the site of damage or inflammation [17]. The membranes rich in cholesterol, sphingomyelin, and ceramide allow the uptake of the exosomes’ contents by the target cells through the mechanism of endocytosis [15,16]. Exosomes carry nucleic acids, lipids, and proteins, including cytokines, chemokines, and growth factors. By releasing these molecules, exosomes can influence the immune response and promote tissue angiogenesis, repair, and regeneration [17]. Therefore, the EVs of MSCs represent a powerful tool capable of maintaining or renewing tissue homeostasis and interacting directly with the immune system, regulating its activity [18,19]. Interestingly, secreted factors prepared from MSCs derived from liver and human liver stem cells (HLSC) have been proposed as an effective stimulus to promote liver regeneration [20,21,22] supporting the hypothesis that the organ can contribute to its own homeostasis [22,23]. These findings suggest that liver-derived biological preparations can play an important role to study liver biology and regeneration in vitro, but also represent a potential tool to control the progression of chronic liver injuries in vivo.



The aim of this preliminary work was to assess the in vitro safety of a powder obtained through a controlled freeze-drying process of whole porcine livers [24]. The preparation method of the freeze-dried supplement was aimed at preserving the bioactive principles present in the liver tissue of healthy pigs, including soluble proteins, extracellular vesicles (EVs), extracellular matrix components, vitamins (especially of group B), but also minerals (for example iron), and essential amino acids.



Two cell types were used to evaluate the supplement cytotoxicity, the liver cell line HepG2, and primary cultures of canine MSCs derived from the adipose tissue (At-MSCs). HepG2 cells have been derived from a human hepatoma and are commonly used in drug metabolism and hepatotoxicity studies, given their ability to preserve many differentiated hepatic functions [25]. MSCs have been chosen as a primary stromal cell model playing essential roles in various tissues homeostasis and regeneration [26]. Furthermore, MSCs are actively studied for the development of cell therapy and tissue engineering strategies aimed to restore liver function [10].




2. Materials and Methods


2.1. Preparation of the Porcine Liver Lyophilized Powder


The porcine lyophilized liver powder (LLP) was provided by the company Neorland® (Cremona, Italy). Briefly, for the preparation of the powder, the porcine livers (n > 25) were collected at the abattoir from eight-month-old large-white x landrace crossbred pigs. Both castrated male and female pigs were used. The livers were frozen soon after the collection (not more than 3 h), with controlled lowering of the temperature. The livers were then freeze-dried and ground to obtain a lyophilized liver powder. The freeze-drying was performed using a proprietary procedure created by the producer, based on different steps of temperature lowering.




2.2. Solubilization of the Porcine Liver Lyophilized Powder


The solubilization of the LLP was performed by dissolving 2 mg of powder/mL of Dulbecco’s Modified Eagle’s Medium (DMEM), supplemented with penicillin (100 UI/mL), streptomycin (100 μg/mL), by four sonication cycles (Microson XL, Misonix) of 5 s each, placing the suspension in ice for 5 min between the cycles. Then, enzymatic digestion was performed by type I collagenase (0.1 mg/mL) by two hours incubation at 37 °C in mild agitation. After digestion, the suspension was centrifuged for 10 min at 10,000× g to pellet and discard undigested residues. A control sample was prepared without collagenase digestion. The use of collagenase digestion was introduced to improve the release of protein and bioactive components by the liver powder. The protein content of the suspensions was determined by BCA protein assay kit (Pierce), following the instructions of the provider.



Different protein concentrations were used to evaluate in vitro LLP activity on cell lines, corresponding to 10 µg, 50 µg, 100 µg, 200 µg, 500 µg, and 1000 µg of undigested LLP per treatment. The actual protein content of each treatment is reported in the Results section, at Section 3.1.




2.3. In-Vitro Cell Culture


The liver cell line HepG2 (human hepatocellular carcinoma) and primary cultures of canine adipose-tissue-derived mesenchymal stromal cells (At-MSCs) were used as in vitro experimental models. All reagents were purchased from Thermo Fisher Scientific, (Milan, Italy) unless indicated.



HepG2 cell line culture: Frozen cells were thawed at 37 °C and then plated into 25 cm2 flask containing complete DMEM (cDMEM), consisting of DMEM supplemented with 10% FBS, penicillin (100 UI/mL), and streptomycin (100 μg/mL). The medium was changed every 48 h. Cells were detached by trypsinization when reached about 80% confluence and re-seeded at 1:4 ratio.



Canine adipose-tissue-derived mesenchymal stromal cells preparation: Adipose tissue samples were collected from donors during elective surgery at the Veterinary Hospital of the University of Parma. An informed consensus was signed by the owners. The tissue samples were stored in complete phosphate-buffered saline solution (cPBS) containing penicillin (100 U/mL), streptomycin (100 µg/mL), and amphotericin B (2.5 µg/mL) before being processed (maximum 2 h). A total 1–1.5 g of adipose tissue was fragmented in 0.3–0.5 cm3 pieces by means of a sterile scalpel under a cell culture hood. The tissue was then transferred to a 15 mL conical centrifuge tube containing a solution of 0.1% w/v collagenase type I, prepared in DMEM, supplemented with 50 U/mL penicillin and 20 µg/mL streptomycin, at a ratio of 5 mL of medium per gram of minced tissue. The enzymatic digestion was carried out at 37 °C, in mild agitation for 60 min. The cell suspension was then filtered through a nylon filter (mesh 100 µm) and centrifuged at 190× g per 15 min. The cell pellet was resuspended in 3 mL of complete medium (cDMEM), consisting of low-glucose DMEM supplemented with 10% v/v FBS, penicillin 100 U/mL, streptomycin 100 µg/mL, amphotericin B 2.5 µg/mL; and then seeded in 25 cm2 culture flasks. The cells were maintained in an incubator at 37 °C in 5% CO2 atmosphere, renewing the medium every 72 h. When the cells reached about 80% of confluence, they were detached using 0.05% Trypsin-EDTA in cPBS and reseeded at 10,000 cells/cm2. The cells were then expanded until P3, when they were used for the experiments described below. When needed, cells were cryopreserved in liquid nitrogen using a freezing medium consisting of 50% (v/v) FBS, 10% (v/v) dimethyl sulfoxide, and 40% DMEM (v/v).




2.4. Cell Cytotoxicity and Proliferation Assay


For the evaluation of the effects of the LLP on cell metabolic activity and proliferation, the MTT assay and bromo-deoxyuridine (BrdU) incorporation assays were performed. The MTT test is a colorimetric assay based on the ability of mitochondrial oxidoreductase enzymes to convert MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide), a soluble, colorless reagent, into purple formazan crystals, whose formation can be quantified by spectrophotometric techniques. The production of insoluble salts derived from MTT is proportional to mitochondrial metabolic activity. The MTT assay is widely used to study cell viability, proliferation, and cytotoxicity. However, since the treatment can alter cell metabolic activity without altering cell replication, the MTT assay was associated with bromo-deoxyuridine (BrdU) incorporation assay, a more specific test for the quantification of cell replication. A direct cell count was also performed to evaluate cell replication in the presence of LLP.




2.5. MTT Assay


For the MTT assay, HepG2 and At-MSCs were seeded in 96-well plates at a density of 1 × 104 cells/well in 200 µl of cDMEM. After 24 h, cells were treated with 10, 50, 100, 200, 500, or 1000 μg of LLP suspension per well, also maintaining an untreated control (for the effective protein content of each treatment see Section 3.1). After 48 h treatment, 20 µL of MTT (5 mg/mL in saline solution) were added in each well. After 4 h, 100 µL of the solubilization solution (10% sodium dodecyl sulphate in HCl 0.01 M) was added and plates were then maintained at 37 °C overnight. The formation of tetrazolium salts was evaluated by spectrophotometry at 570 nm, using a reference wavelength of 630 nm. In each experiment, six replicates were prepared for both control and treatment. The experiment was repeated at least five times for each cell line. For At-MSC, seven different cell preparations were analyzed at P3. To evaluate metabolic activity of HepG2 cells in cultures supplemented with LLP alone, cells were seeded in 96-well plates at a density of 1 × 104 cells/well in 200 µL of serum-free DMEM. After 24 h, cells were treated with 10, 50, 100, 200, 500, or 1000 μg of LLP suspension per well, maintaining an untreated control. Cells cultured with DMEM containing 10% FBS supplementation were considered as a positive control. MTT assay was performed after 48 h treatment. The experiment was repeated three times. For this set of experiments, LLP solubilization was performed as described in Section 2.2, avoiding the digestion step with type I collagenase.




2.6. Bromo-Deoxyuridine Incorporation Assay


Cell proliferative capacity was analyzed by evaluating the ability of treated cells to synthesize DNA after exposure to LLP. DNA synthesis was measured by quantifying the incorporation of bromo-deoxyuridine (BrdU) as a thymidine analogue, using an immuno-enzymatic assay. An increase in Brdu incorporation corresponds to an increase in the DNA synthesis that is correlated to the cell replicative activity.



For the BrdU assay, HepG2 and AT-MSCs were grown as described above for the MTT assay. Cells were treated with 200 or 500 μg of LLP suspension per well and untreated wells were used as control. The cell proliferation Elisa BrdU kit (Roche Diagnostic, Monza, Italy) was performed following manufacturer’s instructions. The incorporation of BrdU was evaluated in three different experiments for each cell line, preparing four replicates for each treatment. Three different primary cultures of At-MSCs were used at P3.




2.7. Direct Cell Count


To evaluate HepG2 and At-MSC growth after treatment with the liver powder (control, 100, 200, and 500 µg), P3–P4 cells were seeded at a density of 5000 cells/cm2, in 35 mm diameter Petri dishes. After 72 h, cells were trypsinized and then counted in a Burker chamber. Cell vitality was assessed by Trypan Blue assay. Cell-doubling number (CDn) and cell-doubling time (DT) were calculated as suggested by Suelzu et al. [27]. The two parameters were evaluated as follows: CD = ln (Nf/Ni)/ln (2); DT = CT/CDn.



Three replicates were prepared and counted for each tested concentration. The experiment was repeated three times for HepG2 cells, while four different At-MSC populations were evaluated.




2.8. Statistical Analysis


Experimental data are presented as mean SEM; statistical differences between treatments were calculated with ANOVA using the Statgraphics package (STSC Inc., Rockville, MD, USA). When significant differences were found, means were compared by Scheffè’s F test; p values < 0.05 were considered statistically significant.





3. Results


3.1. Protein Content of the Solution of LLP


The protein contents of the LLP solutions used for the in vitro experiments that had been initially prepared as 2 mg/mL suspensions of the lyophilized powder, were evaluated by BCA protein assay kit. The average protein content was determined both in nondigested and collagenase-digested LLP suspension (n = 3). The average protein content was 0.81 ± 0.13 mg/mL for the samples that were not treated with the type I collagenase, while it was 1.1 ± 0.4 mg/mL for the samples that were treated with the enzyme, with a statistically significant increase after enzyme digestion (p < 0.01). Thus, the effective mean soluble protein content was 55 ± 20, 110 ± 40, and 275 ± 100 µg/mL respectively for the 100 µg, 200 µg, and 500 µg treatments prepared following collagenase digestion (see Section 3.2 and Section 3.3). A mean 35.8% increase in protein content was observed after collagenase treatment, confirming that the collagenase digestion improves the release of proteins by the liver lyophilizate. Since we performed preliminary experiments that demonstrated that the collagenase was inactivated by the FBS present in the cDMEM (data not shown), both cytotoxicity and proliferation assays were performed with the LLP digested with collagenase.




3.2. Cell Cytotoxicity


Cell metabolic activity of HepG2 and canine At-MSCs in response to LLP treatment was evaluated by MTT test. A statistically significant stimulatory effect was observed for both cell lines (p < 0.01 for HepG2; p < 0.001 for At-MSCs; Figure 1). With regards to HepG2, stimulation occurred at 100 µg of LLP (p < 0.01), while lower points were not different from control cultures. The 200 and 500 µg LLP treatments induced a stronger effect with respect to 100 µg, although no significant difference was observed between the treatments (Figure 1A). At the higher tested point (1000 µg) a decrease in the effect was observed, suggesting that a plateau was reached at 500 µg. A higher stimulation was observed on the At-MSCs (Figure 1B; p < 0.001). The treatment with 200 µg of LLP showed the stronger effect. Although no statistically significant difference was demonstrated between the treatments ranging from 100 ug to 1000 ug, a decreasing MTT signal was observed starting at 500 µg, suggesting a tendency towards decrease in the stimulatory effect in response to higher LLP levels. No cytotoxic effects were observed on HepG2 and At-MSCs for the LLP concentration tested.



The ability of LLP to maintain HepG2 metabolic activity was evaluated by MTT assay also in serum-free medium. A statistically significant increase (p < 0.001) in MTT conversion was observed in the range of treatment between 200 µg and 1000 µg (Figure 2). Interestingly, in this range, the potency of LLP was not different in comparison to the supplementation of HepG2 cultures with 10% FBS.




3.3. Cell Proliferation: Brdu Incorporation Assay


Since the MTT test demonstrated an increase in metabolic activity of both cell lines, a cell proliferation assay based on bromo-deoxyuridine incorporation in the DNA of proliferating cells was performed. A different response was observed between the HepG2 cell line and canine At-MSCs after the treatment.



The analysis of the DNA synthesis in HepG2 in response to LLP treatment, revealed a more complex picture compared to that of the At-MSCs (Figure 3A). The treatment with 200 µg/well of LLP digested with collagenase showed a moderate but statistically significant stimulatory effect (p < 0.01) compared to the control, while the cells treated with the higher concentrations (500 µg) showed a replicative activity similar to that of the control.



The LLP significantly increased the At-MSCs’ proliferative capacity at both tested concentrations (200 µg/well and 500 µg/well; p < 0.001; Figure 3B). The treatments induced a similar stimulating effect, thus indicating a probable saturation of the cellular response already at the lower concentration.




3.4. Cell Proliferation: Direct Cell Count


As observed for the BrdU incorporation assay, direct cell count demonstrated a different response in HepG2 and At-MSCs when expanded in the presence of LLP.



Concerning HepG2 cells, although the average cell count was higher for 100 µg and 200 µg treatments, no statistically significant differences were observed between control and treated cultures (Figure 4A; Table 1). Cell-doubling time and cell-doubling number were not affected by cell treatments. Instead, LLP supplementation significantly improved the number of cultured At-MSCs after 72 h, with respect to untreated cell cultures (Figure 4B; Table 2), for each of the three different concentrations tested (p < 0.001). No significant differences were observed between the treatments with 200 and 500 µg, suggesting that the treatment reached a plateau. Accordingly, At-MSCs’ cell-doubling times were significantly reduced (p < 0.001) and cell-doubling number significantly increased following the three treatments compared to the control cultures (Table 2), suggesting a stimulatory effect of LLP on At-MSC replication.





4. Discussion


In recent years, intensive efforts have been made to identify new treatments to stop chronic hepatopathies’ progression and improve their prevention. The possible options also include dietary supplements and nutraceuticals [28,29]. These products are commonly used worldwide, both as a supplement to conventional drug therapies and as a replacement for them.



However, there is a dispute about the real therapeutic effect of food supplements and considering the increasing use of these products both in the US and in the EU [7,30,31,32,33], their possible hepatotoxicity is an issue that is increasingly worrying the scientific community. The main difficulty in evaluating the real therapeutic action of these supplements lies in the qualitative and quantitative variability of their components. There is a broad spectrum of food supplements of different nature and origin. They are often produced from natural herbs or prepared as mixtures of biologically active substances such as vitamins, minerals, amino acids, and/or proteins. In some cases, they can sometimes contain anabolic steroids or other synthetic compounds, potentially harmful to the liver [33]. Since the liver is the organ responsible for the inactivation of most toxins from the body, some of the components of the supplements and their metabolites can cause damage at different degrees, such as cellular stress, mitochondrial inhibition, and immune reactions [34]. In addition to the risk associated with the components of the food supplements, some other factors increase the risk of the onset of hepatotoxicity, including older age, female sex, high dosage, malnutrition, alcohol abuse, genetic factors, interactions with other drugs, or the presence of concomitant diseases [35,36]. The clinical symptoms presentation and severity can be extremely variable, starting from mild hepatitis up to acute liver failure [37]. Furthermore, these supplements are generally administered without a prescription or specific medical advice and without monitoring over time. Moreover, unlike conventional drugs, food supplements’ safety and efficacy are not always well-defined and or/declared by the producer [7].



In the last years, liver extract has been investigated as a drug for improving liver functions and restoring homeostasis in chronic liver diseases [38]. Most of the studies have been performed in vitro or in animal experimental models aimed to demonstrate the role of liver-specific environment on tissue homeostasis and regeneration. Since hepatocytes’ specific characteristics are lost when cells are removed from their native environment, the identification of biological substrates or supplement resembling the liver environment is an active field of research aimed at ensuring proper cell growth, differentiation and, in perspective, organ reconstruction [10]. Liver extracts are a complex mixture of bioactive factors: soluble molecules (proteins, low-molecular-weight nutrients, vitamins, microelements), extracellular matrix components, and more complex supra-molecular structures such as exosomes and microvesicles [10,22]. Recent findings suggest that the liver itself produces a secretome endowed with anti-inflammatory properties [22]. In this context, a supplement based on liver from healthy animals could be worthy of analysis [39], both as nutraceutical and substrate for studying hepatocyte biology. The aim of this work was the preliminary assessment of the in vitro bioactivity and safety of a freeze-dried liver preparation of porcine origin.



The lyophilized liver powder’s (LLP’s) effects on metabolic and proliferative activity have been evaluated on two cell lines: the human-derived immortalized HepG2 hepatic cell line and the primary culture of mesenchymal stromal cells (MSCs) derived from adipose tissue (At-MSCs). The HepG2 cell line represents a model widely used by scientific literature to evaluate hepatocyte biology in vitro since it maintains many differentiated hepatic functions [25]. The use of primary liver cell cultures is quite complex since they lose most of their characteristic functions when expanded in vitro. The HepG2 cell line maintains many differentiated hepatic functions and is a widely used in vitro model in the study of hepatocyte biology [25]. MSCs, on the other hand, are cells involved in the maintenance of tissue homeostasis, control of inflammatory processes, and regeneration of damaged tissues [40]. MSCs are distributed in all tissues of mesenchymal origin and play their trophic and control role towards other cells in physiological conditions, as well as in various diseases [41]. MSCs have demonstrated a multi-differentiative capacity that has also been observed towards the hepatocyte lineage, thus suggesting their application in treating liver diseases using tissue engineering and regenerative medicine approaches [10]. Biological preparations derived from liver tissue can provide adequate biochemical cues to maintain hepatic functions [10,11,42]. In particular, Sellaro et al. [11] demonstrated that porcine-liver-derived powder maintained primary hepatocyte function in vitro at levels comparable to Matrigel, considered the most helpful substitute to maintain hepatic cells biological features in vitro. Concerning this, it has recently been proposed that liver extracts can modulate the hepatocyte differentiation of At-MSCs, suggesting an interplay between hepatic tissue and MSCs [43].



The colorimetric MTT assay was used to assess the cellular metabolic activity in response to LLP treatment. The results indicate that, although the effect is more potent on At-MSCs, the LLP exerts a statistically significant trophic effect on both cell lines. Since MTT assay is based on the measurement of mitochondrial respiration [44], it does not provide direct information about the replication activity of the cultured cells (i.e., it cannot be considered a direct test of cell proliferation); it rather allowed evaluation of the lack of cytotoxicity of the LLP on these cell lines at the different concentration tested. Although a precise dose–effect curve could not be determined, the effect reached saturation at treatment with 200–500 µg of LLP for both cell lines, while the MTT signal was slightly lower at 1000 µg. Interestingly, a dose–response relationship was observed for HepG2 cells expanded in serum-free medium supplemented with LLP. In this case, exposure to 200, 500, and 1000 µg of the powder induced a cellular metabolic activity comparable to what was observed for culture medium supplemented with 10% FBS.



The bromo-deoxyuridine (BrdU) incorporation assays confirmed a direct effect of the LLP on the in vitro replication of HepG2 and At-MSCs, although a difference was observed between the two cell types. Regarding the HepG2 cell line, a stimulatory effect was observed only for the treatment with 200 µg, while no effect was present with the 500 µg of LLP treatment. A more evident effect was observed on At-MSCs, where both 200 and 500 µg LLP supplementation induced a significant stimulus on DNA synthesis. Since no difference was observed between the dosages, it can be hypothesized that a plateau effect had already been reached with the 200 µg treatment. To confirm the effects of LLP on cell proliferation, direct cell counts were performed after treating the two cell lines with 100, 200, and 500 µg. The results underlined a different response of cells to LLP. While a limited, not statistically significant, increase in cell number was observed for HepG2 treated with 100 and 200 µg, a statistically significant increase was observed in At-MSCs for the three different concentrations tested (p < 0.001). Furthermore, the cell-doubling time was significantly lower for At-MSCs treated with LLP, confirming its stimulatory effect on cell proliferation. Direct cell count excluded a cytotoxic effect on both cell lines.



Taken together, the experimental results indicate that the liver lyophilized powder of porcine origin is not cytotoxic on either of the two cell types. LLP instead determines a positive metabolic (evaluated by MTT assay) and replicative (measured by DNA synthesis) stimulus to HepG2 and At-MSCs, while a statistically significant increase in cell number was observed only in At-MSC cultures. Although our data do not provide information regarding the components of the LLP responsible for these effects, recent contributions from the literature, in addition to vitamins, minerals, and other bioactive molecules, emphasize the presence in liver tissue of more complex multi-molecular particles, such as exosomes and microvesicles capable of controlling and stimulating the metabolic activity of the organ both in physiological and pathological conditions [45,46]. Interestingly, it has been observed that exosomes derived from liver cells modulate various biological activities (such as control of cell proliferation and apoptosis, regulation of gene transcription) on cultured hepatocytes [47] and other cell types [43]. Furthermore, the maintenance of hepatocyte-specific functions of primary cultures expanded in the presence of liver extracellular matrix [11,42] has been observed, suggesting that that liver tissue extracts can support in vitro hepatocyte culture and could be considered a candidate for the development of treatment for liver diseases [42].



Our results indicate that a porcine liver lyophilized powder derived from the whole organ without any chemical treatment is safe and maintains an in vitro stimulatory effect on HepG2 and At-MSC, although a different response was observed for the two cell types. Interestingly, the LLP stimulates proliferation in At-MSCs, in agreement with other results indicating a reciprocal cross-talk between liver cells and MSCs [21,38]. The work has some weak points that need to be addressed in the future. We are aware that our results do not evaluate the effect of the LLP on biological features typical of hepatocytes (glycogen, urea, and albumin synthesis) or MSCs (differentiation ability, immunomodulation, secretome production). Furthermore, the effects of LLP on other cell types, such as, for example immune cells, should be evaluated to explore a possible role of the preparation in the complex biological pathways involved in tissue maintenance and regeneration.



In conclusion, we think that the liver lyophilized powder prepared from whole porcine organs deserves a more extensive study to elucidate on one side its specific composition in terms of bioactive molecules, and on the other, to define their roles in the complex metabolic activity of hepatic tissue.
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Figure 1. MTT assay on HepG2 and At-MSC cultures after LLP treatment (48 h). (A) HepG2: LLP treatment ranging from 100 µg to 500 µg/well increased the MTT signal with respect to the control (p < 0.001). (B) At-MSCs: a statistically significant improvement of MTT conversion was observed at concentrations of LLP ranging from 100 µg to 1000 µg (p < 0.001). Absence of a common letter means a statistically significant difference (p < 0.001). 
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Figure 2. MTT assay on HepG2 after LLP treatment (48 h) in serum-free medium. LLP treatments ranging from 200 µg to 1000 µg/well increased the MTT signal with respect to serum-free control cultures (p < 0.001). A dose-dependent trend was observed; higher concentrations of LLP demonstrated an effect comparable to 10% FBS supplementation. Absence of a common letter means a statistically significant difference (p < 0.001). 
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Figure 3. Evaluation of BrdU incorporation in HepG2 and At-MSCs after LLP treatment (A) HepG2: treatment with a suspension prepared with 200 µg of LLP increased DNA synthesis (p < 0.01), while 500 µg/mL showed no difference in comparison to the control. (B) At-MSCs: both 200 and 500 µg of LLP induced an increase in BrdU incorporation (p < 0.001). Different letters indicate statistically significant differences. 
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Figure 4. Direct cell count of HepG2 and At-MSCs after LLP treatment: (A) HepG2: no statistically significant difference was observed for average cell number following LLP treatment ranging from 100 µg to 500 µg; (B) At-MSCs: following treatment with 100, 200, and 500 µg of LLP, a statistically significant increase in cell number was observed (p < 0.001). Different letters indicate statistically significant differences. 
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Table 1. Average cell number, cell-doubling time, and cell-doubling number of HepG2 cells treated with different LLP amounts (100 to 500 µg). No statistically significant differences were observed for average cell number, cell-doubling time, and cell-doubling number for the different treatments compared to untreated control cultures.
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HepG2

	
Treatment




	
Control

	
100 µg

	
200 µg

	
500 µg






	
Average Cell Number ± SD

	
450,000 ± 82,585

	
495,000 ± 148,951

	
517,833 ± 53,504

	
421,185 ± 92,766




	
Average Doubling Time ± SD

	
22.51 ± 1.87

	
21.95 ± 3.02

	
21.03 ± 0.91

	
23.35 ± 2.63




	
Average Cell-Doubling Number ± SD

	
3.21 ± 0.27

	
3.31 ± 0.45

	
3.43 ± 0.15

	
3.10 ± 0.36
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Table 2. Average cell number, cell-doubling time, and cell-doubling number of At-MSCs treated with different LLP amounts (100 to 500 µg). Treatments significantly increased the average cell number and cell-doubling number (p < 0.001) compared to control cultures, while cell-doubling time was significantly lower for treated cells (p < 0.001). No differences were observed between different treatments.
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At-MSCs

	
Treatment




	
Control

	
100 µg

	
200 µg

	
500 µg






	
Average Cell Number ± SD

	
306,986 ± 43,236

	
713,373 ± 121,459

	
773,736 ± 154,696

	
848,833 ± 307,133




	
Average Doubling Time ± SD

	
27.09 ± 1.9

	
18.62 ± 1.15

	
18.14 ± 1.52

	
18.01 ± 2.82




	
Average Cell-Doubling Number ± SD

	
2.7 ± 0.19

	
3.86 ± 0.26

	
3.99 ± 0.33

	
4.1 ± 0.68
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