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Background: Peritoneal dialysis (PD) is a renal replacement technique that requires repeated exposure of the peritoneum to hyperosmolar PD fluids (PDFs). Unfortunately, it promotes alterations of the peritoneal membrane (PM) that affects its functionality, including mesothelial-mesenchymal transition (MMT) of mesothelial cells (MCs), inflammation, angiogenesis, and fibrosis. Glucose is the most used osmotic agent, but it is known to be at least partially responsible, together with its degradation products (GDP), for those changes. Therefore, there is a need for more biocompatible osmotic agents to better maintain the PM. Herein we evaluated the biocompatibility of Steviol glycosides (SG)-based fluids.
Methods: The ultrafiltration and transport capacities of SG-containing and glucose-based fluids were analyzed using artificial membranes and an in vivo mouse model, respectively. To investigate the biocompatibility of the fluids, Met-5A and human omental peritoneal MCs (HOMCs) were exposed in vitro to different types of glucose-based PDFs (conventional 4.25% glucose solution with high-GDP level and biocompatible 2.3% glucose solution with low-GDP level), SG-based fluids or treated with TGF-β1. Mice submitted to surgery of intraperitoneal catheter insertion were treated for 40 days with SG- or glucose-based fluids. Peritoneal tissues were collected to determine thickness, MMT, angiogenesis, as well as peritoneal washings to analyze inflammation.
Results: Dialysis membrane experiments demonstrated that SG-based fluids at 1.5%, 1%, and 0.75% had a similar trend in weight gain, based on curve slope, as glucose-based fluids. Analyzing transport capacity in vivo, 1% and 0.75% SG-based fluid-exposed nephrectomized mice extracted a similar amount of urea as the glucose 2.3% group. In vitro, PDF with high-glucose (4.25%) and high-GDP content induced mesenchymal markers and angiogenic factors (Snail1, Fibronectin, VEGF-A, FGF-2) and downregulates the epithelial marker E-Cadherin. In contrast, exposition to low-glucose-based fluids with low-GDP content or SG-based fluids showed higher viability and had less MMT. In vivo, SG-based fluids preserved MC monolayer, induced less PM thickness, angiogenesis, leukocyte infiltration, inflammatory cytokines release, and MMT compared with glucose-based fluids.
Conclusion: SG showed better biocompatibility as an osmotic agent than glucose in vitro and in vivo, therefore, it could alternatively substitute glucose in PDF.
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INTRODUCTION
Peritoneal dialysis (PD) is a well-established kidney replacement therapy that allows the elimination of toxic metabolic products and excess water from the body, through a process known as ultrafiltration (UF). However, continuous exposure to PD fluids (PDFs) triggers a series of processes associated with the appearance of morphological and functional alterations in the peritoneal membrane (PM), leading to the development of fibrosis, angiogenesis, hyalinizing vasculopathy, and a deterioration of the membrane UF capacity (Krediet, 1999). These alterations are attributed to the lack of biocompatibility of PDFs, which generally use glucose as an osmotic agent. In addition, heat sterilization of glucose-based PDFs generates glucose degradation products (GDP) (Welten et al., 2003), which in turn raises the formation of advanced glycation end-products (AGEs). AGEs, together with GDP, promote the synthesis of cytokines related to inflammation, fibrosis, vascular alterations, and angiogenesis, driving UF failure (Qayyum et al., 2015).
Moreover, PDFs cause damage to the mesothelial cells (MCs) monolayer that lines the whole PM and is in direct contact with the PDFs. As a consequence of these damages, MCs undergo a process called mesothelial-mesenchymal transition (MMT). MMT is a normal tissue repair process by which cells acquire the ability to migrate, invade the submesothelial stroma and synthesize large amounts of extracellular matrix as well as inflammatory and angiogenic factors (Yáñez-Mó et al., 2003; López-Cabrera, 2014). PDF exposure leads to tissue damage and consequently generates inflammation, inducing pathological MMT that plays a key role in the peritoneal injury. Bio-incompatible PDFs also alter the peritoneal leukocytes population, which constitutes the first line of defense against peritoneal infection (McIntyre, 2007; García-López et al., 2012). The repeated metabolic and biomechanical damages arising from serial PDF exposures lead to smoldering inflammation and reduced host defense in the peritoneal cavity (Jörres et al., 1992; Brulez et al., 1999; Devuyst et al., 2002; Mackenzie et al., 2003; Schilte et al., 2009). The interplay of PDF cytotoxicity and intermittent bacterial infections contribute to clinical complications of PD therapy, such as UF failure and peritonitis (Davies et al., 1998).
During the last decades, new and more biocompatible PDFs have been developed to correct the problems associated with PD by using either different osmotic agents such as icodextrin or amino acids, or other sterilization techniques to avoid the generation of GDP or more physiological pH. However, a definitive solution has not been found yet. Glucose is still the most widely used agent since other commercialized substitutes (icodextrin and aminoacids) can only be used in one exchange per day, so it is mandatory to use glucose in the rest of the exchanges. The constant use of a high amount of glucose not only causes local problems in the peritoneum but also systemic alterations, such as diabetes, dyslipidemia, hydrocarbon intolerance (Delarue and Maingourd, 2001), and cardiovascular disease (Balafa and Krediet, 2012). Meta-analyses revealed no significant improvement of newer varieties of biocompatible PDFs on peritonitis rate or PM function (Cho et al., 2013, 2014). Therefore, the greatest challenge since the development of PD as a treatment for chronic kidney disease (CKD) is to find a definitive alternative to glucose.
Stevia rebaudiana is a plant that is used as a sweetener (Goyal et al., 2010). The leaves of stevia rebaudiana contain Steviol glycosides (SG) which are active compounds responsible for their sweet taste. Many plant-based glycosides are used as medicines. Beyond sweetening value, SG have therapeutic effects against cancer, inflammation, cystic fibrosis, obesity, and dental caries (López et al., 2016; Momtazi-Borojeni et al., 2017; Ramos-Tovar et al., 2018; Casas-Grajales et al., 2019). Another aspect that makes it even more attractive is that it acts as an antioxidant (Bender et al., 2015), anti-hypertensive (Hsieh et al., 2003), anti-diabetic, improving hydrocarbon resistance (Mohd-Radzman et al., 2013; Periche et al., 2015), and protects against kidney damage (Ozbayer et al., 2011; Shivanna et al., 2013). Hypertension, hydrocarbon intolerance, and a pro-oxidative environment frequently accompany central obesity, being cardiovascular risk factors commonly found in uremia (a syndrome caused by the accumulation of toxic products in the blood that the kidneys are not able to eliminate) (Podkowińska and Formanowicz, 2020), therefore SG properties could help to control these illnesses.
An optimal osmotic agent for PD should have some specific characteristics, such as a molecular weight (MW) that permits using it in several exchanges per day, an osmotic and UF capacity, no absorption, no interference with tissue repair ability nor immunocompetence, and no toxicity (Khanna et al., 1986). This is important as part of it can be absorbed or degraded, thus constituting an additional problem (Lee et al., 2005). Moreover, it has been determined that an ideal osmotic agent should weigh around 1 kDa (Rippe and CarlssOn, 1996). According to this background, we selected a pure stevia extract composed of SG (≥ 95%), which contains Rebaudioside A as the main compound (62.6%) and Stevioside (21.3%) to be tested as an osmotic agent for PDFs. The components of the stevia extract do not contain glucose and have MW ranging from 950 to 1,050 Da.
MATERIALS AND METHODS
Peritoneal dialysis fluids
A mixture of SG (≥95%) that contains Rebaudioside A (62.6%) and Stevioside (21.3%) was bought from AgriStevia (SG95RA60, Spain). The total composition and theoretical osmolarity of SG extract are indicated in the Supplementary Figure SA,B. SG solutions were prepared at different concentrations (0.75%: pH = 6.29; 1%: pH = 6.24, 1.5%: pH = 6.17) in a lactate buffer that contains: 1.25 mmol/L calcium, 134 mmol/L sodium, 0.5 mmol/L magnesium, 100.5 mmol/L chloride, 25 mmol/L lactate. SG solutions have been heat sterilized at 121°C for 1 h for in vitro and in vivo experiments. PDFs containing 1.5%, 2.3%, and 4.25% dextrose (glucose monohydrate, Mass Weight 198.20 Da) are commercially available and labeled as such in North America. The true anhydrous dextrose or glucose concentrations (Mass Weight 180.15 Da) in these solutions are 1.36%, 2.27%, and 3.86%, respectively, and this is how they are typically labeled in Europe. We used American nomenclature in this work (Daugirdas et al., 2015). A commercial standard PDF with 4.25% of glucose, pH = 5.5, and a high concentration of GDP (Stay Safe®; Fresenius Medical Care) was used as a positive control (named SS 4.25%), and a more biocompatible PDF with 2.3% glucose, pH = 7.0, and low-GDP concentration (Balance®, Fresenius Medical Care) (named Bl 2.3%) was employed to compare its effects in vitro and in vivo with SG.
Osmotic capacity measurements
Glucose-based PDFs at 1.5%, 2.3%, and 4.25% concentrations have been used as commercial dialysis solutions to compare their osmotic capacity with SG solutions. The solutions contain glucose solved in different concentrations in a lactate matrix with the same composition as in commercial SS 4.25% and Bl 2.3% PDFs. Glucose-based solutions have been heat sterilized at 121°C for 1 h. SG-based fluids were used at 1.5%, 1%, and 0.75% concentrations. pH-value of all test solutions was adjusted to 6.4 ± 0.2 using hydrochloride acid or sodium hydroxide before performing the experiments.
Osmotic capacity experiments were performed using dialysis membranes (ZelluTrans/Roth V-series) with a molecular weight cutoff 25 kDa purchased from Carl Roth. Dialysis tubing length of 8 cm was used in all experiments. The filling volume of dialysis tubes at the beginning of the experiments was 10 ml, closed by two clamps, each system with a sinker and swimmer. Dialysis tubing bags were placed in a beaker filled with 1,100 ± 0.1 g of lactate matrix which is tempered to 37°C and the weight of each bag was measured to determine the mass change all 30 min over a period of 24 h. The mass increase was calculated for each dwelling time interval. Experiments were carried out 3-times, and the mean value with the respective standard deviation was calculated. Determination of the concentration of the osmotic agent was made by measuring the refraction index (Refractometer DR 6300-T, KRÜSS Optronic). A calibration curve was prepared for each substance, and the test solution was measured after 24 h’ test.
The reflection coefficient of the SG mixture was calculated using the relation between reflection coefficients (σ) of low molecular weight solutes (urea, glycerol, glucose, sucrose) as well as insulin, icodextrin, and albumin and their molecular weights.
Isolation, culture, and treatments of human omental peritoneal MCs
HOMCs were obtained from omental samples taken from patients undergoing elective abdominal surgery as described previously (Stylianou et al., 1990; Aroeira et al., 2005). Cells were cultured in Earle’s M199 medium (Biological Industries, Kibbutz Beit Haemek, Israel) supplemented with 20% fetal bovine serum (FBS; Thermo Scientific, Cramlington, United Kingdom), 50 U/ml penicillin, 50 μg/ml streptomycin (PPA Laboratories GmbH, Pasching, Austria), 2% HEPES 1 M (Lonza™ BioWhittaker™), 2% Biogro-2 (Biological Industries). These cells were used and remained stable for one to two passages.
HOMCs were incubated with glucose-based PDFs (SS 4.25%, or Bl 2.3%, Fresenius Medical Care) diluted 1:1 with a culture medium for 48 h. In addition, HOMCs were incubated with SG 1% or 0.75% in the same conditions. HOMCs were also treated with recombinant human TGF-β1 (1 ng/ml) (R&D Systems Inc., Minneapolis, MN, United States) to induce MMT in vitro (Aroeira et al., 2005). The control (CTRL) group was incubated with a lactate buffer 1:1 with a culture medium. Each experiment was carried out in duplicate, and at least five experiments were performed.
Culture of Met-5A and viability assay
The stable tetrazolium salt MTT is converted by active mitochondrial dehydrogenases of living cells to MTT Formazan. Therefore, the amount of formazan dye formed directly correlates to the number of metabolically active cells in the culture.
Met-5A cells were grown in a 96-well tissue culture plate in Earle’s M199 medium (Biological Industries, Kibbutz Beit Haemek, Israel) supplemented with 10% fetal bovine serum (FBS; Thermo Scientific, Cramlington, United Kingdom), 50 U/ml penicillin, 50 μg/ml streptomycin (PPA Laboratories GmbH, Pasching, Austria), 2% HEPES 1 M (Lonza™ BioWhittaker™), 2% Biogro-2 (Biological Industries). The cells were incubated with glucose-based PDFs (SS 4.25%, or Bl 2.3%, Fresenius Medical Care) and SG solutions 1% or 0.75%, as well as with TGF-beta (1 ng/ml) and DMSO 5% as controls, diluted 1:1 with a culture medium for 96 h. The cells were incubated subsequently with the MTT reagent (Invitrogen, reference M6494) at 0.5 mg/ml for 4 h. Then, DMSO was added to solubilize the formazan dye formed and it was quantitated with a scanning multi-well spectrophotometer at 570 nm (ClarioStar Plus reader). The measured absorbance directly correlates to the number of viable cells.
Real-time qPCR
Cell lysis and RNA extraction were done using TRI Reagent® Solution (Ambion, Austin, TX) according to the manufacturer’s instructions. cDNA for RT-qPCR was generated from 1 μg total RNA using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, United States). Quantitative PCR was carried out on a LightCycler 480 using a SYBR Green labeling kit (Roche, Mannheim, Germany) and specific primers sets for human histone H3, Snail1, Fibronectin, VEGF-A and E-Cadherin. The data were analyzed by using the comparative Ct method (ΔΔCt). The x-fold change in RNA expression was quantified relative to control samples from the same experiment. Samples were normalized with respect to the value obtained for H3.
FGF-2 and VEGF-A detection in supernatants
The supernatants were collected and stored at −80°C. The secreted Fibroblast Growth Factor 2 (FGF-2) and VEGF-A by HOMCs were determined using a simplex kit (EPX01A-12074-901, EPX01A-10277-901, Invitrogen) by Luminex 100 technology.
Animals
Female C57BL/6JRccHsd mice, from 18 weeks of age, were purchased from ENVIGO (Barcelona, Spain) and maintained in conventional conditions at the CBMSO animal facilities. All animal procedures were approved by the ethics committee of the CSIC, authorized by the Comunidad Autónoma de Madrid according to RD 53/2013, with affiliation number PROEX 273/19, and conducted in accordance with the institutional guidelines that comply with the Directive of the European Parliament and of the Council on the Protection of Animals Used for Scientific Purposes.
Urea removal capacity and surgery
For urea removal capacity analysis, mice were submitted for surgery to induce uremia (González-Mateo et al., 2018). Briefly, 5/6 nephrectomy was performed under isoflurane anesthesia (4% for induction and 2%–3% for maintenance); 0.05–0.1 mg/kg buprenorphine (Temgesic) was injected intramuscularly 15–30 min preoperatively, and eye drops were given. The animal was shaved in the abdomen, and it was placed on a heating pad. An incision of approximately 0.5 cm in the skin was performed, on the right side, close to the ribs, to have direct access to the right kidney. A small incision was opened in the muscle to take the right kidney out of the peritoneum, removing the capsule and the adrenal gland. At this point, the kidney could be easily positioned on top of the peritoneum and was placed on a wound pad. A total ligation with insoluble suture was applied that included the kidney vein, artery, and urethra. After the ligation, the right kidney was totally removed from the body. After 1 week of recovery, the left kidney was also removed from the abdominal cavity following the same procedure and released from the capsule. The anterior one-third and posterior one-third parts of the kidney were impaired by using a monopolar electric blade. The remaining functional one-third of the left kidney is placed back into its original position in the abdominal cavity. To allow the mice to fully recover, transport analyses were performed 2 weeks after surgery.
The mice were euthanized 10, 40, and 60 min after receiving 2 ml of each tested fluid (Bl 2.3%, SG 1%, and SG 0.75%, n = 4 or 5 per group), and the total peritoneal volume was drained and urea concentration was measured. To confirm uremia, a volume of 200–400 μl blood was drawn via facial vein puncture 2 days before the surgery and at the end point, analyzing serum samples for urea levels (Ab83362; Abcam).
PD fluid exposure and surgery
Catheter implantation was performed as previously described (Aroeira et al., 2009; González-Mateo et al., 2018). The control group received physiologic saline (605,137.5, Grifols, n = 5 per group). The glucose-based PDF groups received a commercial solution with high glucose and high-GDP concentration or low glucose and low-GDP concentration (PDF-4.25% glucose; pH 5.5; Stay Safe®; and PDF-2.3% glucose, pH 7.0; Balance®, respectively, from Fresenius Medical Care) (n = 6 per group). The SG groups received SG at 1% and 0.75% concentrations diluted a lactate buffer (n = 6 per group). All mice received 2 ml of the solution corresponding to their treatment group, twice a day through the catheter, for 40 days. Before starting the 40 days-treatment, animals were injected with increasing concentrations of the corresponding fluid, starting at a 5 times-diluted concentration and increasing proportionally every 3 days for 12 days until the final concentration was reached for each group. This methodology was designed in order to avoid possible undesirable reactions due to a high-concentrated initial exposition, as we have previously observed that animals need to gradually adapt to SG intraperitoneal (i.p.) exposition.
Cytokines detection in peritoneal washings
Peritoneal washings were collected at the end of the experiment, stored at −80°C, and analyzed by Luminex 100 technology using simplex kits for IL-6 (EPX01A-20603-901, Invitrogen), IL-22 (EPX01A-26022-901, Invitrogen), IL-1β (EPX01A-26002-901, Invitrogen), TNF-α (EPX01A-20607-90, Invitrogen), IL-17 (EPX01A-26001-901, Invitrogen).
FACS analyses
Cell suspensions obtained from peritoneal washing were counted with a Scepter handheld automatic cell counter (Millipore) and stained with fluorochrome-conjugated mouse-specific antibodies against CD3, CD4, CD8α, CD11b, Ly6G, F4/80 (BD Biosciences Pharmingen, San Diego, CA, United States) following manufacturer’s instructions. Samples were analyzed in a BD FACS Canto II (BD Biosciences, San Jose, CA) flow cytometer, and data analyses were performed using FlowJo software.
Histological analyses
Parietal peritoneal biopsies were collected from the opposite side of the catheter installation. For thickness analyses, biopsies were fixed in Bouin solution, embedded in paraffin, cut into 5 μm sections, and stained with Trichrome Stain (Masson) kit (HT15, Sigma-Aldrich, United States). PM thickness of submesothelial tissue was determined by blinded microscope analysis using a metric ocular. The peritoneal thickness in each mouse was calculated by the median of measurements taken every 50 μm from one extreme to the other of the biopsy. The result was used to calculate the group thickness.
For immunofluorescence staining, biopsies of mice were frozen in optimal cutting temperature (OCT) compound and cut into 5 μm sections. To identify the mesothelial cells, we used a mouse anti-cytokeratin (CK) 8/18 (clone 5D3; Novocastra, Newcastle, United Kingdom), which was stained with anti-IgG1–specific Zenon Fab Fragments (Zenon Alexa Fluor 555, Invitrogen) according to the manufacturer’s instructions. The CD45+ cells were identified using a rat anti-mouse CD45+ (Clone 16A; Biotin Rat Anti-Mouse CD45RB, BD Biosciences) and stained with goat anti-rat antibody (Alexa Fluor 488, A11006, Invitrogen). Fibroblastoid cells were marked with rabbit anti-mouse FSP-1 (Polyclonal Rabbit Anti-Human S100A4, Dako, Denmark) and stained with goat anti-rabbit antibody (Alexa Fluor 647, A31573, Invitrogen). The nuclei were stained with DAPI (268,298, MERCK). The images were made with a confocal microscope (Laser Scanning Confocal Microscope LSM710 ZEISS).
For immunohistochemistry staining, biopsies were fixed in paraformaldehyde, embedded in paraffin, and cut into 3 µm sections. After paraffin removal with xylol treatment, samples were heated to expose any masked antigens using a Real Target Retrieval Solution containing citrate buffer (pH 6.0, Dako). Samples were pre-treated with Real Peroxidase-Blocking Solution (Dako) to block the endogenous peroxidase. Tissue sections were stained with anti-von Willebrand factor (VWF) (ab6994, Abcam) and counterstained with nuclear hematoxylin. Positive staining was counted and expressed as the mean of 10 independent counts for each animal, quantified at 20x using the analysis program Image-J 1.53 g (National Institute of Health, United States).
The analyses of these staining were done completely blinded, associating a number to each sample that could not be related to the type of treatment.
Rebaudioside A degradation and reabsorption analyses
Since Rebaudioside A is the most abundant compound (62.6%) present in the SG extract, a solution containing Rebaudioside A at 1% was analyzed before and after 40 min of its injection (2 ml) to two C57BL/6JRccHsd mice not submitted to any treatment. The analysis was carried out using HPLC equipment coupled to Q Exacmemtive hybrid quadrupole-orbitrap mass spectrometer (MS) from Thermo Scientific (Waltham, Massachusetts, United States) with electrospray ionization (ESI) interface in negative mode. For chromatographic separation, an omega Polar C18 column (100 mm × 2.1 mm, particle size 3 µm) from Phenomenex, Madrid, Spain. The mobile phases and separation gradient were used at a flow rate of 0.4 ml/min. Ultrapure water with 0.1% (v/v) of formic acid (solvent A) and ACN with 0.1% (v/v) of formic acid (solvent B), applying a gradient from 0 % to 100% B during 15 min and 100% B were maintained for 2 min and the post-run equilibration time was 5 min. The temperature of the columns was kept at 40°C and the injection volume was 20 µl. MS analyses were performed using the full scan mode of 200–3,000 m/z.
Statistical analyses
All statistical analyses were carried out with GraphPad Prism 8 (GraphPad Software, La Jolla, CA). Comparisons between the groups were performed using the unpaired t test or the nonparametric Mann-Whitney U test. The means of the experimental groups were compared by using one-way ANOVA. p values < 0.05 were considered significant.
RESULTS
Steviol glycosides solutions showed ultrafiltration and transport capacities in vitro
The dialysis tubing bags containing different solutions were placed in a beaker filled with electrolytes (Na+, Mg2+, Ca2+, Cl−) in a lactate buffer and the mass change using artificial membranes was measured up to 24 h. Then, the weight increase (g) of each bag was calculated. SG-based fluids demonstrated a maintained and prolonged weight increase similar to glucose-based fluids, as indicated by the trend of their curves (Figure 1A).
[image: Figure 1]FIGURE 1 | Trend curves of glucose and SG-based solutions and total urea measured in effluents. (A) Weight change curves of glucose 4.25%, 2.3%, and 1.5%, and SG solutions at 1.5%, 1%, and 0.75% measured at different time points using artificial membranes. Data are represented as mean ± SD of three independent experiments. (B) Total urea measured in drained effluents and extracted after 10, 40, and 60 min of dwell. Data are represented as median, maximum, minimum and the first and third quartiles. The analysis of variance results in a non-significant (NS) p-value (two-way ANOVA test).
Calculated crystalloid pressures exerted by SGs at the employed concentrations resulted isotonic to the blood, but the average MW of SG (905.50 Da) resulted in a value of 0.3183 for the reflection coefficient (σ), demonstrating that this compound has colloidal/oncotic osmotic capacity. (Supplementary Figure SC). Results in vivo indicated that SG 1% and 0.75% extracted urea from the blood to the peritoneal cavity in a similar-manner as Bl 2.3% after 10, 40, and 60 min (Figure 1B).
Steviol glycosides has less impact on mesothelial cells alterations in vitro
Sub-confluents HOMCs cultures were exposed for 48 h to glucose-based PDFs (SS 4.25%, as a positive control, or Bl 2.3%) and SG-based fluids (1% and 0.75%). The control group was incubated with a lactate buffer diluted one-half with a culture medium. MCs were lysed and RNA extracted for analysis by RT-qPCR. Exposure of HOMCs to SS 4.25% resulted in cell death and in changed morphology, becoming elongated after 48 h (Figure 2A). The morphology of HOMCs incubated with Bl 2.3% was slightly changed, which was confirmed by the measurement of levels of standard epithelial and mesenchymal markers by RT-qPCR. Glucose-based PDFs significantly upregulate the expression of Snail1, VEGF-A, and Fibronectin, whereas SG did not show regulation of these markers (Figure 2B). Angiogenic factors FGF-2 and VEGF-A were mainly affected by glucose treatment (Figure 2C). In addition, the expression of E-Cadherin was preserved with SG and Bl 2.3% fluids, while SS 4.25% showed a tendency to decrease this epithelial marker (Figure 2B). In agreement with these results, incubation of Met-5A cell line with Bl 2.3% or SG-based fluids did not have an effect on cellular viability, whereas incubation with SS 4.25 significantly reduced the cellular viability (Figure 2D).
[image: Figure 2]FIGURE 2 | Effect of PDFs on HOMCs. (A) Effects of lactate buffer (CTRL), TGF-β1 (1 ng/ml), and different PD solutions (glucose and SG-based) on HOMCs morphology at 48 h. Pictures are representative of five independent experiments. (B) mRNA levels of different MMT markers analyzed by quantitative RT–qPCR. The results represent the relative expression of Snail1, VEGF-A, Fibronectin (FN), and E-Cadherin. The data are depicted as a mean ± SEM of five independent experiments. The analysis of variance results in a p-value = 0.0028; 0.0044; 0.0011 and NS respectively (one-way ANOVA test). (C) VEGF-A and FGF-2 concentration in supernatants analyzed by Luminex 100 (p-value = 0.0009 and 0.0154 respectively, one-way ANOVA). (D) Cellular viability of Met-5A incubated with DMSO 5%, TGF-β1 (1 ng/ml), lactate buffer, glucose, and SG-based solutions. The analysis of variance results in a p-value = 0.01 (one-way ANOVA test). Symbols show statistical differences between groups analyzed by the unpaired t test.
Steviol glycosides-based PD fluids did not induce significant mesothelial-mesenchymal transition, fibrosis, inflammatory response, or angiogenesis at the peritoneal tissue in vivo
The mice were treated with glucose-based and SG-based fluids (2 ml twice per day) for 40 days and the thickness of the PM was evaluated. Masson’s trichrome staining of the peritoneal biopsies showed that SG groups had less submesothelial matrix deposition and cell infiltration than glucose-based PDFs (Figure 3A). Morphometric analysis showed that glucose-based PDFs had thicker PMs as compared with SG groups (Figure 3B).
[image: Figure 3]FIGURE 3 | Peritoneal membrane alterations in mice. (A) Paraffin sections of the PM from all the groups were stained with Masson’s trichrome (20X). (B) The thickening of PM was determined by morphometric analysis. One-way ANOVA test results in a p-value < 0.0001. (C) Quantification of the total VWF positive cells in the PM (p-value < 0.0001, one-way ANOVA). Box plots graphics represent the median, minimum, and maximum values. Symbols represent the statistical differences between the groups analyzed by Mann-Whitney U test (*p < 0.05, **p < 0.01).
In addition, the number of blood vessels in the submesothelial zone was counted. It was observed that the blood vessels increased in glucose-based PDFs and were not significantly affected in SG groups as compared with control mice (Figure 3C).
Immunofluorescence analysis of peritoneal tissues showed that SS 4.25% induced high recruitment of CD45+ cells (green) in the submesothelial zone and that the MCs layer was not well preserved. Furthermore, it showed an accumulation of fibroblastoid cells expressing FSP-1 (cyan), some of them co-expressed cytokeratin (CK, yellow) that indicates MCs undergo the MMT process; some of them co-expressed CD45+ (gray arrow) showing myofibroblasts originated from bone-marrow-derived circulating cells (fibrocytes). In the Bl 2.3% group, the MC layer was better preserved and FSP-1+ and CD45+ cells were found in lower numbers than in SS 4.25%. The SG groups showed even better preservation of the mesothelium and FSP-1+ and CD45+ cells were less abundant (Figure 4).
[image: Figure 4]FIGURE 4 | Immunofluorescence microscopy analysis of parietal peritoneal tissue sections. The presence of inflammatory (CD45, green), fibroblastoid cells (FSP-1, cyan), and mesothelial cells (Cytokeratin (CK), red) were determined in frozen sections of the PM. Yellow arrows show co-expression of FSP-1 and CK indicating MCs convert into myofibroblast by MMT process. Gray arrows show co-expression of FSP-1 with CD45+ indicating fibrocytes origin. The color balance was equally adjusted by using Image-J 1.53 g. The pictures are representative of each group.
Steviol glycosides-based solutions induced a milder inflammatory response in vivo
Thereafter, the levels of the infiltrating leukocytes were analyzed within the peritoneal cavity after the treatments. The total number of nucleated cells was not affected by SG solutions, while increased in glucose-based PDF in comparison with control (saline-treated) mice (Figure 5A). The level of macrophages was significantly increased in glucose-based groups, whereas the increment was less pronounced in SG groups, although they did not show a significant reduction when compared with Bl 2.3% (Figure 5B). Moreover, granulocytes, agents of the innate immune system, tended to increase in glucose-based PDF groups compared with saline and SG solutions (Figure 5C).
[image: Figure 5]FIGURE 5 | Cell populations and inflammatory status at the peritoneal washings. (A) Total numbers of nucleated cells. One-way ANOVA test results in a p-value of 0.0033. (B) Total numbers of macrophages (CD11b+F4/80+ cells) (p = NS, one-way ANOVA). (C) Total numbers of granulocytes (Ly6G+F4/80−CD11b+ cells). One-way ANOVA test results in a p-value of 0.0008. (D) Total numbers of CD3+CD4+ and CD3+CD8+ T cells (p-value < 0.0001, one-way ANOVA test). Box plots represent the median, minimum, and maximum values. Symbols represent the statistical differences between the groups analyzed by Mann-Whitney U test (*p < 0.05, **p < 0.01).
In addition, the presence of T cells was analyzed in the peritoneal cavity. The mice group treated with Bl 2.3% had a higher number of CD4+ and CD8+ T cells compared with control, SS 4.25%, and SG-treated mice (Figure 5D).
Regarding soluble factors analyzed in peritoneal washings, IL-6 concentrations do not show differences between groups, while there is an increase of IL-1β in SS 4.25% compared with the other groups, and of TNF-α, IL-17, and IL-22 in Bl 2.3% (Figure 6).
[image: Figure 6]FIGURE 6 | Cell populations and inflammatory status at the peritoneal washings. IL-6, IL-1β, TNF-α, IL-17, and IL-22 concentrations at peritoneal washings. One-way ANOVA test results in a p-value of 0.0042 for IL-1β, 0.0205 of TNF-α, 0.0059 for IL-17, and NS for IL-6 and IL-22. Box plots represent the median, minimum, and maximum values. Symbols represent the statistical differences between the groups analyzed by Mann-Whitney U test (*p < 0.05, **p < 0.01)
Rebaudioside A did not degrade in the peritoneal cavity
The main components of the SG extract (Rebaudioside A and Stevioside) were preserved when compared with a pattern sample (data not shown). To explore the possible degradation of SG fluid i.p., its main compound was analyzed by HPLC equipment before and after 40 min dwell in mice. For that, its main compound (Rebaudioside A) was used to facilitate the measurement of degradation products. Rebaudioside A solution at 1% (weight/volume) was analyzed before being injected into mice, and we observed a purity of 96%, with a small amount of Rebaudioside B. Two mice were injected with this solution, and we observed that the proportion of both components remained equally constant after 40 min of dwelling. Therefore, no degradation was observed (data not shown).
DISCUSSION
Using glucose as an osmotic agent in PD has the advantage of being relatively safe and inexpensive, and is a source of calories. However, an increase in glucose absorption leads to worsening control of blood sugar (Daugirdas et al., 2015). The instillation of large amounts of glucose into the peritoneal cavity predisposes patients to hyperglycemia, dyslipidemia, obesity and cardiovascular alterations (Delarue and Maingourd, 2001; Balafa and Krediet, 2012). Long-term PM damage is caused, leastwise partially, by glucose or via GDP and the formation of AGEs, impairing UF (Witowski et al., 2003). The fact that severe peritoneal damage is still observed in patients infused with low-GDP PDFs solutions, suggests that glucose per se has a deteriorating effect on the PM. Moreover, glucose-based PDFs are not very effective in high transporters patients, and inadequate UF may result. High osmolarity itself is also a key factor affecting the biocompatibility of PDFs (Cendoroglo et al., 1998; Wong et al., 2003; Piccapane et al., 2020). Clinical studies have determined that patients who use large concentrations of glucose during the day are at the highest risk for developing a loss of UF capacity (Daugirdas et al., 2015). Continued use of the SS 4.25% PDF could theoretically result in the removal of 7.2–9.6 L per day and cause marked hypernatremia. In practice, this degree of fluid removal is rarely required (Daugirdas et al., 2015). Moreover, glucose-based PDFs are associated with reduced immunological defenses in the peritoneal cavity, since analyses on leukocytes demonstrate impairment of peritoneal immunocompetence, potentially contributing to an increased risk of PD-related peritonitis (Herzog et al., 2017). Therefore, the use of SS 4.25% glucose-based PDF, which contains high amounts of GDP, is decreasing nowadays worldwide at least for regular exchanges. For these reasons, we selected a glucose concentration of 2.3% (Bl 2.3%) to compare it with the candidate compound.
Regarding the ideal osmotic agent for PDFs, it has been determined that there is an optimal MW balancing the benefits of increasing molecular size (and the increased osmotic efficiency associated with this size increment) and the disadvantage of the increases in solute mass per molecule, (the increasing concentration in g/L). This seems to occur already at MW of around 1,000 Da (Rippe and CarlssOn, 1996). Thereby, given its therapeutic effects and its average MW (905 Da, while glucose is 180 Da), the SG mixture was considered a very interesting candidate for a PDF osmotic agent. In the case of high MW agents, colloid osmotic pressure is particularly relevant. Net ultrafiltration flux is the result of crystalloid and colloid/oncotic pressures (Devuyst and Rippe, 2014). The relationship between these pressures is determined by the Starling equation, which takes into account the reflection coefficient (σ) of the molecules. It indicates the probability of not being reabsorbed through three types of pores (large, small, and ultrasmall) (Rippe and CarlssOn, 1996) into the microvessel blood torrent and is an inherent property of the molecule given the charges, the size, and the topology. The estimated reflection coefficient (σ) of the SG mixture is ten times higher than glucose. It has been demonstrated with icodextrin (average MW = 5,000) that substances of about 4 nm are expected to be actively reflected by the pores to the peritoneal cavity (Rippe and Levin, 2000; Morelle et al., 2018). Icodextrin entails a mean hydrodynamic radius of 4 nm (1–23 nm), forming 25%–30% of colloidal fractions of highest MW (Morelle et al., 2018). Rebaudioside A, the major SG component, has self-nanomicellizing properties of up to nearly 4 nm (Hou et al., 2019; Song et al., 2020). Micelles are a type of colloid. Thereby, SG osmotic capacity is dependent on oncotic forces.
Using artificial membranes, we observed that 1.5%, 1%, and 0.75% SG-based fluids display prolonged and maintained ability to attract water in vitro. Checking in vivo, these concentrations (Bl 2.3%, 1% and 0.75% SG) were able to extract the same amount of urea after 10, 40, and 60 min in the peritoneal cavity. Based on the results, these concentrations were chosen for all further experiments.
The next step to determine SG benefits to be used for PDFs was to test the peritoneal status after SG exposure. MCs are the first line of contact of the body with PDFs, suffering alterations related to functional and structural peritoneal damages (Yáñez-Mó et al., 2003). To analyze their behavior in the presence of SG, HOMCs were exposed to the selected concentrations of SG for 48 h and their effects were compared with Bl 2.3% since longer exposition periods strongly affect the viability of cells treated with SS 4.25%. SG solutions did not affect morphology and ameliorate cellular viability in contrast with the deleterious effect of SS 4.25%. The morphology of MCs incubated with Bl 2.3% was slightly changed, as confirmed by standard mesenchymal markers measured by RT-qPCR. Glucose-based fluids induced mesenchymal markers (Snail1, VEGF-A, Fibronectin), while downregulated the epithelial marker (E-Cadherin) in the case of the highest concentration of glucose and GDP (SS 4.25%), which indicates the induction of an MMT process. This agrees with previous observations from our group in which we observed that low-GDP PDFs have less impact in vitro on MMT of MCs than a standard PDF (Bajo et al., 2011). None of the mentioned markers were significantly affected by SG treatment. An increasing number of studies indicate direct adverse effects of high glucose concentrations on cellular function. In line with Lee et al. (2004) we have also demonstrated the induction of the fibronectin expression in human peritoneal MCs upon exposure to high glucose in conventional PDF, thus favoring the pathogenesis of peritoneal fibrosis.
We have previously described that VEGF-A levels had marked differences between early (epithelioid phenotype) and advanced (non-epithelioid phenotype) stages of MMT, which in turn correlated with the elliptical factor values of effluent-derived MCs (Ruiz-Carpio et al., 2017). Here, we observed that VEGF-A levels measured by RT-qPCR and ELISA significantly increased when treating cells with glucose-based PDFs, but not with SG solutions. Since MMT plays a central role in the pathogenesis of peritoneal decline during PD (Yáñez-Mó et al., 2003), these results are very promising, as they demonstrate that SG is able to better preserve the epithelial morphology of MCs in vitro compared with glucose. In previous studies, it was suggested that FGF-2 and VEGF-A are the most potent angiogenesis inducers and have a synergistic effect on this process (Pepper et al., 1992; Asahara et al., 1995). Here we observed that angiogenic growth factor FGF-2 was mainly affected by SS 4.25% treatment. Previously, it was demonstrated that exposure to high glucose levels caused a concentration-dependent increase of FGF-2 mRNA expression and secretion by HOMCs, indicating that MCs are one of the peritoneal sources of this factor (Ogata et al., 2001).
To go further to unravel the biological effects of SG, we analyzed them in vivo in a mice model of peritoneal PDF exposition. It has been previously described that glucose-based PDFs induce fibrosis, angiogenesis, MMT, and leukocyte infiltration within the peritoneum (González-Mateo et al., 2014; Liappas et al., 2016). All these biomarkers are clearly reduced when administering SG solutions in comparison with glucose-based PDFs, which demonstrates that SG is a much more biocompatible solution.
During the peritoneal thickening process, there is a progressive accumulation of myofibroblasts. Here, we show that the accumulation of myofibroblasts is greater in the peritoneal samples from glucose-based PDFs exposed animals than in SG-based PDF treatments. Concretely, in the SS 4.25% group, there is a remarkable infiltration of CD45+ cells, and many of these cells co-express FSP-1, a fibroblastoid cell marker, suggesting that these cells are fibrocytes generated from progenitors of hematopoietic origin that are recruited to the injured tissues (Loureiro et al., 2011). Besides this, SG maintains the integrity of the mesothelial layer, while glucose disrupts it in a concentration-dependent manner. Although the mesothelial layer deteriorates in the SS 4.25% group and most MCs are lost, a significant proportion of the ones that remain in the tissue express FSP-1, indicating that these fibroblastic cells derive from mesothelial cells via MMT (Loureiro et al., 2011).
Moreover, intact mesothelium provides in vivo resistance against solute permeation. Damage of intercellular junctions leads to an increase in solute permeability. High glucose concentration, along with high osmolarity, has been probed to damage intercellular junctions in HOMCs (Ito et al., 2000; Ito and Yorioka, 2008). The high paracellular permeability is a characteristic of the so-called “high transporters” PD patients (Correa-Rotter and Cueto-Manzano, 2001), in which the osmotic gradient between the PDF and the blood is rapidly dissipated, leading to poor UF. Taking this into account, SG-based PDF, while preserving the integrity of the mesothelial layer as observed in vitro and in vivo, and given that its bigger MW reduces the diffusion speed to the blood of the compound, would guarantee a better UF capacity.
Another fact directly implicated in UF capacity is the number of capillaries. Angiogenesis is an important component of PM failure and it has been associated with alterations in the peritoneal water transport (Krediet et al., 2000). In this study, an increase in the number of vessels per field is observed in the glucose-based PDFs groups compared with control, whereas in SG-based fluids such increase is not produced. This data agrees with the induction of the pro-angiogenic factors VEGF-A and FGF-2 by HOMCs treated with glucose-based PDFs in contrast with cells treated with SG-based fluids, previously observed in vitro. This fact indicates again that SG would better maintain UF capacity.
Peritoneal effluent is a source of inflammatory cells recruited to the peritoneal cavity and of biomarkers produced by both, these cells and the ones present in the tissue. Inflammatory processes are key in modulating wound healing, angiogenesis, and fibrosis. It is known that macrophages play an important role in the fibrotic process through the secretion of growth factors. T cells are responsible for the orchestration of inflammatory responses through the secretion of cytokines that play a role in fibrosis by the activation of fibroblasts (Theiss et al., 2005; Doucet et al., 2008) and recruitment of fibrocytes (Shao et al., 2008). Here we observed that peritoneal exposure to glucose-based PDF tended to increase cell numbers in the peritoneal cavity, mainly macrophages (CD11b+F4/80+ cells). To a lesser extent, there is also a tendency to increase the number of granulocytes (CD11b+F4/80-Ly6G+ cells), while SG-based fluids maintained a low number of these cells, similar to the control group.
The numbers of CD4+ and CD8+ T cells increased as well in the Bl 2.3% group as observed before (Aroeira et al., 2009; González-Mateo et al., 2014). Bl 2.3% demonstrated to better maintain HOMCs viability compared with SS 4.25%. Therefore, it could additionally preserve the viability of other cell types and thus exert better immunocompetence than SS 4.25%. It has been suggested that CD4+ T cells are the primary source of IL-17 in the peritoneum of mice treated with PDF and that this cytokine plays an important role in the generation of PDF-induced peritoneal fibrosis in patients and mice exposed to PDF (Rodrigues-Díez et al., 2014). Here there is an increase of IL-17 in the Bl 2.3% group, but not in the others.
In the case of IL-22, is produced by several populations of immune cells at the site of inflammation. Producers are αβ T cells classes Th1, Th22, and Th17 along with γδ T cells, NKT, ILC3, neutrophil granulocytes, and macrophages (Dudakov et al., 2015). As commented above, T cells and macrophages do significantly increase and total granulocytes tend to enhance in the Bl 2.3% injected mice. Here, IL-22 concentrations in peritoneal washings increase in the Bl 2.3% group compared with the control. IL-22 exerts its effect on non-hematopoietic cells, mainly stromal and epithelial cells, stimulating cell survival and participating in wound healing, and proliferation and synthesis of antimicrobials (Dudakov et al., 2015). It has been described that IL-22 might protect from fibrosis (Gu et al., 2021) and MMT of MCs (Ye et al., 2015). Thus, we hypothesized that this cytokine protects the Bl 2.3% treated group from MMT and fibrosis, counteracting the effect of IL-17.
Moreover, Stevia extracts have been proven to downregulate inflammatory-related response markers such as IL-1β and TNF-α (Mehmood et al., 2020; Mostafa et al., 2020). Here we have observed an increase of IL-1β and TNF-α in washings of mice treated with SS 4.25% and Bl 2.3% PDFs respectively, while it is not observed in SG-based fluids-treated mice. Regarding other cytokine production, we have previously observed that IL-6 could slightly increase during long-term PDF exposure, without reaching statistical significance (González-Mateo et al., 2014; Liappas et al., 2016). Here, we also observed no differences among groups in peritoneal washings concentrations.
In addition, it has been described that Rebaudioside A and Stevioside do not undergo browning or caramelization when heated (Joint Expert Committee on Food Additives, 2005). Considering its safety to be used in vivo, we evaluated the absorption of SG into the body and its degradation to discard toxicity. It has been shown that the mean absorption rate when using 4.25% and 2.3% of glucose dwelled for 4 h was 64.4% in humans, ranging from 30.6% to 92.4%, (Zuo et al., 2015). Another study revealed absorption of 75% of the initial glucose concentration at the end of a 6 h dwell. The percentage of glucose absorbed overtime was almost identical for the 3 different concentrations used in the clinical practice (1.5%, 2.3%, or 4.25%) (Heimbürger et al., 1992). Studying in isolation Rebaudioside A (with a 3.6% of Rebaudioside B), the majority component of the SGs mixture, we observed absorption of 40%–60% in 40 min in mice exposed to 1% concentration. This component has self-nanomicellizing properties, so it can be hypothesized that a percentage of it will form aggregates of bigger size (Hou et al., 2019), leading to a slow absorption rate. Most important is that no degradation was observed, since no other compounds were detected in effluents and the percentages of the Rebaudioside A and B remain invariables, indicating that there is no generation of any toxic metabolic product. Further analyses regarding the possible accumulation of these compounds in the body and their implications should be done in the future.
In this regard, it has been reported that, after oral administration, SG are not modified during their way through the digestive system until the colon. In the colon the Stevioside and the Rebaudioside A are hydrolyzed to Steviol (318.45 Da), although the hydrolysis of Rebaudioside A is slower than that of Stevioside. It has been confirmed that Rebaudioside A showed stability when exposed to in vitro matrices simulating stomach and small intestine fluids, with susceptibility to hydrolytic degradation by enteric bacteria collected from the cecum (Nikiforov et al., 2013). Incubations with rat liver microsomes indicated that it is not expected to be metabolized by the liver enzymes. Plasma concentrations of Rebaudioside A and/or its final hydrolysis product, free/conjugated Steviol, were consistent between animals administered Rebaudioside A in the diet. In humans treated orally with Stevioside, small amounts of Steviol were detected in the plasma, with considerable interindividual variability. A dietary toxicity study (repeated exposure 2000 mg/kg/d Rebaudioside A) observed that there were no treatment-related effects on the general condition and behavior of the animals and no toxicologically relevant, treatment-related effects on hematology, serum chemistry, or urinalysis. Macroscopic and microscopic findings revealed no treatment-related effects on any organ evaluated (Nikiforov et al., 2013). Together with our results, these findings confirm that this compound seems to be free of toxicity at tested concentrations.
Stevioside and/or Steviol affected a variety of biochemical parameters in in vitro models, indicating possible anti-hypertensive and anti-glycemic effects. Stevioside and Rebaudioside A have not shown evidence of genotoxicity in vitro or in vivo. (Joint Expert Committee on Food Additives, 2005).
Novel osmotic agents have also been recently proposed as substitutes for glucose in PDFs, such as xylitol and L-carnitine (Bazzato et al., 1982; Rago et al., 2021). These compounds showed as well interesting properties, and their behavior corresponds to crystalloid osmosis since they have a MW similar to glucose.
Recent studies about glucose sparing (Piccapane et al., 2020; Masola et al., 2021) suggested a combination of two or three osmotic agents replacing a substantial part of glucose to improve the PD solution biocompatibility. The authors maintained some glucose in the PD solution affirming that it is still a key nutrient for patients affected by malnutrition. The suggestion of mixing two or even more osmotic agents for PDFs is not novel, as it was already proposed more than 40 years ago (Khanna et al., 1986). In this regard, to achieve higher osmotic capacities for special requirements, it could be interesting to combine SG and glucose, so that none of the two osmotic agents needs to be present at high concentrations.
A large body of evidence tends to show that stevia and SG are safe for human consumption at the dietary level. Nevertheless, their clinical efficacy and safety for PD still require further pre-clinical studies. Therefore, the results of the present report are preliminary and the usefulness of SG as an osmotic agent advocates for more studies to provide in-depth insights into its safety, health benefits, and physiological mechanisms. In any case, this study opens a new door toward a possible new substitute for glucose as an osmotic agent. In conclusion, SG has demonstrated good qualities to be used as an osmotic agent for PDF, with fewer side effects compared with glucose.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by Comité de Ética de la Investigación con medicamentos del Hospital Universitario La Paz, HULP: PI-4600. The patients/participants provided their written informed consent to participate in this study. The animal study was reviewed and approved by Consejo Superior de Investigaciones Científicas (CSIC), Ref: PROEX 273/19.
AUTHOR CONTRIBUTIONS
Conceived and designed the experiments: ML-C, JV, DP, and G-TG-M. Performed osmotic capacity analyses: NT, LS, and SS. Molecular stability analyses: DS. Conducted in vitro experiments: VK, LP-A, and PA-V. Performed in vivo experiments: VK, LP-A, and G-TG-M. Analyzed the data: VK and G-TG-M. Mathematical calculations: E-MA-P. Wrote the paper: VK, ML-C, and G-TG-M. All the authors reviewed the manuscript.
FUNDING
This project has received funding from the European Union’s Horizon 2020 research and innovation program under the Marie Skłodowska-Curie grant agreement No 812699. This work was also supported by a grant (PID 2019-110132RB-I00/AEI/10.13039/501100011033) from the Spanish Ministry of Science and Innovation/Fondo Europeo de Desarrollo Regional (MICINN/FEDER) to ML-C, and the Spanish Ministry of Economy and Competitivity (CTQ 2017-85263-R MINECO/FEDER) to JV. In addition, it was supported by Instituto de Salud Carlos III and FEDER funds (RD16/0009/0015) and Redes de Investigación Cooperativa orientadas al Resultado en Salud (Red RICORS from ISCIII RD21/0005/0018).
ACKNOWLEDGMENTS
We would like to specially acknowledge Dr. Abelardo Aguilera Peralta, the person who started this project putting all his efforts to achieve a better quality of life for PD patients, who unfortunately passed away before finishing this work. We thank Carmen Moreno Ortiz (National Center of Biotechnology, Madrid, Spain) for her help with Luminex technology, and Leonor Nozal Martínez (Center for Applied Chemistry and Biotechnology, Alcalá de Henares, Madrid, Spain) for her help with HPLC-orbitrap equipment.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2022.868374/full#supplementary-material
REFERENCES
 Asahara, T., Bauters, C., Zheng, L. P., Takeshita, S., Bunting, S., Ferrara, N., et al. (1995). Synergistic effect of vascular endothelial growth factor and basic fibroblast growth factor on angiogenesis in vivo. Circulation 92, II365–371. doi:10.1161/01.cir.92.9.365
 Aroeira, L. S., Aguilera, A., Selgas, R., Ramírez-Huesca, M., Pérez-Lozano, M. L., Cirugeda, A., et al. (2005). Mesenchymal conversion of mesothelial cells as a mechanism responsible for high solute transport rate in peritoneal dialysis: Role of vascular endothelial growth factor. Am. J. Kidney Dis. 46, 938–948. doi:10.1053/j.ajkd.2005.08.011
 Aroeira, L. S., Lara-Pezzi, E., Loureiro, J., Aguilera, A., Ramírez-Huesca, M., González-Mateo, G., et al. (2009). Cyclooxygenase-2 mediates dialysate-induced alterations of the peritoneal membrane. J. Am. Soc. Nephrol. 20, 582–592. doi:10.1681/ASN.2008020211
 Bajo, M. A., Pérez-Lozano, M. L., Albar-Vizcaino, P., del Peso, G., Castro, M.-J., Gonzalez-Mateo, G., et al. (2011). Low-GDP peritoneal dialysis fluid ('balance’) has less impact in vitro and ex vivo on epithelial-to-mesenchymal transition (EMT) of mesothelial cells than a standard fluid. Nephrol. Dial. Transpl. 26, 282–291. doi:10.1093/ndt/gfq357
 Balafa, O., and Krediet, R. T. (2012). Peritoneal dialysis and cardiovascular disease. Minerva Urol. E Nefrol. Ital. J. Urol. Nephrol. 64, 153–162. 
 Bazzato, G., Coli, U., Landini, S., Fracasso, A., Morachiello, P., Righetto, F., et al. (1982). Xylitol as osmotic agent in CAPD: An alternative to glucose for uremic diabetic patients?Trans. Am. Soc. Artif. Intern. Organs 28, 280–286.
 Bender, C., Graziano, S., and Zimmermann, B. F. (2015). Study of Stevia rebaudiana Bertoni antioxidant activities and cellular properties. Int. J. Food Sci. Nutr. 66, 553–558. doi:10.3109/09637486.2015.1038223
 Brulez, H. F., ter Wee, P. M., Snijders, S. V., Donker, A. J., and Verbrugh, H. A. (1999). Mononuclear leucocyte function tests in the assessment of the biocompatibility of peritoneal dialysis fluids. J. Clin. Pathol. 52, 901–909. doi:10.1136/jcp.52.12.901
 Casas-Grajales, S., Ramos-Tovar, E., Chávez-Estrada, E., Alvarez-Suarez, D., Hernández-Aquino, E., Reyes-Gordillo, K., et al. (2019). Antioxidant and immunomodulatory activity induced by stevioside in liver damage: In vivo, in vitro and in silico assays. Life Sci. 224, 187–196. doi:10.1016/j.lfs.2019.03.035
 Cendoroglo, M., Sundaram, S., Jaber, B. L., and Pereira, B. J. (1998). Effect of glucose concentration, osmolality, and sterilization process of peritoneal dialysis fluids on cytokine production by peripheral blood mononuclear cells and polymorphonuclear cell functions in vitro. Am. J. Kidney Dis. 31, 273–282. doi:10.1053/ajkd.1998.v31.pm9469498
 Cho, Y., Johnson, D. W., Badve, S. V., Craig, J. C., Strippoli, G. F. M., Wiggins, K. J., et al. (2013). The impact of neutral-pH peritoneal dialysates with reduced glucose degradation products on clinical outcomes in peritoneal dialysis patients. Kidney Int. 84, 969–979. doi:10.1038/ki.2013.190
 Cho, Y., Johnson, D. W., Craig, J. C., Strippoli, G. F. M., Badve, S. V., Wiggins, K. J., et al. (2014). Biocompatible dialysis fluids for peritoneal dialysis. Cochrane Database Syst. Rev. 1, CD007554. doi:10.1002/14651858.CD007554.pub2
 Correa-Rotter, R., and Cueto-Manzano, A. (2001). The problem of the high transporter: Is survival decreased?Perit. Dial. Int. 21 (3), S75–S79. doi:10.1177/089686080102103s13
 Daugirdas, J., Blake, P., and Ing, T. (2015). Handbook of dialysis. 5th ed. Philadelphia, PA: Fac. Bookshelf. Available at: https://hsrc.himmelfarb.gwu.edu/books/23.
 Davies, S. J., Phillips, L., Griffiths, A. M., Russell, L. H., Naish, P. F., Russell, G. I., et al. (1998). What really happens to people on long-term peritoneal dialysis?Kidney Int. 54, 2207–2217. doi:10.1046/j.1523-1755.1998.00180.x
 Delarue, J., and Maingourd, C. (2001). Acute metabolic effects of dialysis fluids during CAPD. Am. J. Kidney Dis. 37, 103–107. doi:10.1053/ajkd.2001.20762
 Devuyst, O., and Rippe, B. (2014). Water transport across the peritoneal membrane. Kidney Int. 85, 750–758. doi:10.1038/ki.2013.250
 Devuyst, O., Topley, N., and Williams, J. D. (2002). Morphological and functional changes in the dialysed peritoneal cavity: Impact of more biocompatible solutions. Nephrol. Dial. Transpl. 17 (3), 12–15. doi:10.1093/ndt/17.suppl_3.12
 Doucet, C., Milin, S., Favreau, F., Desurmont, T., Manguy, E., Hébrard, W., et al. (2008). A p38 mitogen-activated protein kinase inhibitor protects against renal damage in a non-heart-beating donor model. Am. J. Physiol. Ren. Physiol. 295, F179–F191. doi:10.1152/ajprenal.00252.2007
 Dudakov, J. A., Hanash, A. M., and van den Brink, M. R. M. (2015). Interleukin-22: Immunobiology and pathology. Annu. Rev. Immunol. 33, 747–785. doi:10.1146/annurev-immunol-032414-112123
 García-López, E., Lindholm, B., and Davies, S. (2012). An update on peritoneal dialysis solutions. Nat. Rev. Nephrol. 8, 224–233. doi:10.1038/nrneph.2012.13
 González-Mateo, G. T., Fernández-Míllara, V., Bellón, T., Liappas, G., Ruiz-Ortega, M., López-Cabrera, M., et al. (2014). Paricalcitol reduces peritoneal fibrosis in mice through the activation of regulatory T cells and reduction in IL-17 production. PloS One 9, e108477. doi:10.1371/journal.pone.0108477
 González-Mateo, G. T., Pascual-Antón, L., Sandoval, P., Aguilera Peralta, A., and López-Cabrera, M. (2018). Surgical techniques for catheter placement and 5/6 nephrectomy in murine models of peritoneal dialysis. J. Vis. Exp. 1, 56746. doi:10.3791/56746
 Goyal, S. K., Samsher, null, and Goyal, R. K. (2010). Stevia (Stevia rebaudiana) a bio-sweetener: A review. Int. J. Food Sci. Nutr. 61, 1–10. doi:10.3109/09637480903193049
 Gu, P., Wang, D., Zhang, J., Wang, X., Chen, Z., Gu, L., et al. (2021). Protective function of interleukin-22 in pulmonary fibrosis. Clin. Transl. Med. 11, e509. doi:10.1002/ctm2.509
 Heimbürger, O., Waniewski, J., Werynski, A., and Lindholm, B. (1992). A quantitative description of solute and fluid transport during peritoneal dialysis. Kidney Int. 41, 1320–1332. doi:10.1038/ki.1992.196
 Herzog, R., Kuster, L., Becker, J., Gluexam, T., Pils, D., Spittler, A., et al. (2017). Functional and transcriptomic characterization of peritoneal immune-modulation by addition of alanyl-glutamine to dialysis fluid. Sci. Rep. 7, 6229. doi:10.1038/s41598-017-05872-2
 Hou, Y., Wang, H., Zhang, F., Sun, F., Xin, M., Li, M., et al. (2019). Novel self-nanomicellizing solid dispersion based on rebaudioside A: A potential nanoplatform for oral delivery of curcumin. Int. J. Nanomedicine 14, 557–571. doi:10.2147/IJN.S191337
 Hsieh, M.-H., Chan, P., Sue, Y.-M., Liu, J.-C., Liang, T. H., Huang, T.-Y., et al. (2003). Efficacy and tolerability of oral stevioside in patients with mild essential hypertension: A two-year, randomized, placebo-controlled study. Clin. Ther. 25, 2797–2808. doi:10.1016/s0149-2918(03)80334-x
 Ito, T., and Yorioka, N. (2008). Peritoneal damage by peritoneal dialysis solutions. Clin. Exp. Nephrol. 12, 243–249. doi:10.1007/s10157-008-0032-y
 Ito, T., Yorioka, N., Yamamoto, M., Kataoka, K., and Yamakido, M. (2000). Effect of glucose on intercellular junctions of cultured human peritoneal mesothelial cells. J. Am. Soc. Nephrol. 11, 1969–1979. doi:10.1681/ASN.V11111969
 Joint Expert Committee on Food Additives (2005). in Evaluation of certain veterinary drug residues in food: Geneva, 8 - 17 June 2004 (Geneva: World Health Organization). 
 Jörres, A., Topley, N., Gahl, G. M., and Jorres, A. (1992). Biocompatibility of peritoneal dialysis fluids. Int. J. Artif. Organs 15, 79–83. doi:10.1177/039139889201500203
 Khanna, R., Twardowski, Z. J., and Oreopoulos, D. G. (1986). Osmotic agents for peritoneal dialysis. Int. J. Artif. Organs 9, 387–390. doi:10.1177/039139888600900604
 Krediet, R. T., Lindholm, B., and Rippe, B. (2000). Pathophysiology of peritoneal membrane failure. Perit. Dial. Int. 20 (4), S22–S42. doi:10.1177/089686080002004s03
 Krediet, R. T. (1999). The peritoneal membrane in chronic peritoneal dialysis. Kidney Int. 55, 341–356. doi:10.1046/j.1523-1755.1999.00264.x
 Lee, H. B., Yu, M. R., Song, J. S., and Ha, H. (2004). Reactive oxygen species amplify protein kinase C signaling in high glucose-induced fibronectin expression by human peritoneal mesothelial cells. Kidney Int. 65, 1170–1179. doi:10.1111/j.1523-1755.2004.00491.x
 Lee, H. Y., Park, H. C., Seo, B. J., Do, J. Y., Yun, S. R., Song, H. Y., et al. (2005). Superior patient survival for continuous ambulatory peritoneal dialysis patients treated with a peritoneal dialysis fluid with neutral pH and low glucose degradation product concentration (Balance). Perit. Dial. Int. 25, 248–255. doi:10.1177/089686080502500308
 Liappas, G., González-Mateo, G. T., Sánchez-Díaz, R., Lazcano, J. J., Lasarte, S., Matesanz-Marín, A., et al. (2016). Immune-Regulatory molecule CD69 controls peritoneal fibrosis. J. Am. Soc. Nephrol. 27, 3561–3576. doi:10.1681/ASN.2015080909
 López, V., Pérez, S., Vinuesa, A., Zorzetto, C., and Abian, O. (2016). Stevia rebaudiana ethanolic extract exerts better antioxidant properties and antiproliferative effects in tumour cells than its diterpene glycoside stevioside. Food Funct. 7, 2107–2113. doi:10.1039/c5fo01586c
 López-Cabrera, M. (2014). Mesenchymal conversion of mesothelial cells is a key event in the pathophysiology of the peritoneum during peritoneal dialysis. Adv. Med. 2014, 473134. doi:10.1155/2014/473134
 Loureiro, J., Aguilera, A., Selgas, R., Sandoval, P., Albar-Vizcaíno, P., Pérez-Lozano, M. L., et al. (2011). Blocking TGF-β1 protects the peritoneal membrane from dialysate-induced damage. J. Am. Soc. Nephrol. 22, 1682–1695. doi:10.1681/ASN.2010111197
 Mackenzie, R., Holmes, C. J., Jones, S., Williams, J. D., and Topley, N. (2003). Clinical indices of in vivo biocompatibility: The role of ex vivo cell function studies and effluent markers in peritoneal dialysis patients. Kidney Int. 64, S84–S93. doi:10.1046/j.1523-1755.2003.08809.x
 Masola, V., Bonomini, M., Onisto, M., Ferraro, P. M., Arduini, A., and Gambaro, G. (2021). Biological Effects of XyloCore, a Glucose Sparing PD solution, on Mesothelial cells: Focus on Mesothelial-Mesenchymal transition, inflammation and angiogenesis. Nutrients 13, 2282. doi:10.3390/nu13072282
 McIntyre, C. W. (2007). Update on peritoneal dialysis solutions. Kidney Int. 71, 486–490. doi:10.1038/sj.ki.5002109
 Mehmood, A., Zhao, L., Ishaq, M., Xin, W., Zhao, L., Wang, C., et al. (2020). Anti-hyperuricemic potential of stevia (Stevia rebaudiana Bertoni) residue extract in hyperuricemic mice. Food Funct. 11, 6387–6406. doi:10.1039/c9fo02246e
 Mohd-Radzman, N. H., Ismail, W. I. W., Adam, Z., Jaapar, S. S., and Adam, A. (2013). Potential roles of Stevia rebaudiana bertoni in abrogating insulin resistance and diabetes: A review. Evid. Based. Complement. Altern. Med. 2013, 718049. doi:10.1155/2013/718049
 Momtazi-Borojeni, A. A., Esmaeili, S.-A., Abdollahi, E., and Sahebkar, A. (2017). A review on the Pharmacology and toxicology of steviol glycosides extracted from Stevia rebaudiana. Curr. Pharm. Des. 23, 1616–1622. doi:10.2174/1381612822666161021142835
 Morelle, J., Sow, A., Fustin, C. A., Fillée, C., Garcia-Lopez, E., Lindholm, B., et al. (2018). Mechanisms of crystalloid versus colloid osmosis across the peritoneal membrane. J. Am. Soc. Nephrol. 29, 1875–1886. doi:10.1681/ASN.2017080828
 Mostafa, A. F., Elalfy, M. M., Shata, A., and Elhadidy, M. G. (2020). Prophylactic effect of aquatic extract of stevia on acetic acid induced-ulcerative colitis in male rats: A possible role of Nrf2 and PPARγ. J. Basic Clin. Physiol. Pharmacol. 32, 1093–1104. doi:10.1515/jbcpp-2020-0039
 Nikiforov, A. I., Rihner, M. O., Eapen, A. K., and Thomas, J. A. (2013). Metabolism and toxicity studies supporting the safety of rebaudioside D. Int. J. Toxicol. 32, 261–273. doi:10.1177/1091581813492828
 Ogata, S., Yorioka, N., and Kohno, N. (2001). Glucose and prednisolone alter basic fibroblast growth factor expression in peritoneal mesothelial cells and fibroblasts. J. Am. Soc. Nephrol. 12, 2787–2796. doi:10.1681/ASN.V12122787
 Ozbayer, C., Kurt, H., Kalender, S., Ozden, H., Gunes, H. V., Basaran, A., et al. (2011). Effects of Stevia rebaudiana (Bertoni) extract and N-nitro-L-arginine on renal function and ultrastructure of kidney cells in experimental type 2 Diabetes. J. Med. Food 14, 1215–1222. doi:10.1089/jmf.2010.0280
 Pepper, M. S., Ferrara, N., Orci, L., and Montesano, R. (1992). Potent synergism between vascular endothelial growth factor and basic fibroblast growth factor in the induction of angiogenesis in vitro. Biochem. Biophys. Res. Commun. 189, 824–831. doi:10.1016/0006-291x(92)92277-5
 Periche, A., Castelló, M. L., Heredia, A., and Escriche, I. (2015). Influence of drying method on steviol glycosides and antioxidants in Stevia rebaudiana leaves. Food Chem. 172, 1–6. doi:10.1016/j.foodchem.2014.09.029
 Piccapane, F., Bonomini, M., Castellano, G., Gerbino, A., Carmosino, M., Svelto, M., et al. (2020). A novel formulation of glucose-sparing peritoneal dialysis solutions with l-carnitine improves biocompatibility on human mesothelial cells. Int. J. Mol. Sci. 22, 123. doi:10.3390/ijms22010123
 Podkowińska, A., and Formanowicz, D. (2020). Chronic kidney disease as oxidative stress- and inflammatory-mediated cardiovascular disease. Antioxidants 9, E752. doi:10.3390/antiox9080752
 Qayyum, A., Oei, E. L., Paudel, K., and Fan, S. L. (2015). Increasing the use of biocompatible, glucose-free peritoneal dialysis solutions. World J. Nephrol. 4, 92–97. doi:10.5527/wjn.v4.i1.92
 Rago, C., Lombardi, T., Di Fulvio, G., Di Liberato, L., Arduini, A., Divino-Filho, J. C., et al. (2021). A new peritoneal dialysis solution containing L-carnitine and xylitol for patients on continuous ambulatory peritoneal dialysis: First clinical experience. Toxins 13, 174. doi:10.3390/toxins13030174
 Ramos-Tovar, E., Flores-Beltrán, R. E., Galindo-Gómez, S., Vera-Aguilar, E., Diaz-Ruiz, A., Montes, S., et al. (2018). Stevia rebaudiana tea prevents experimental cirrhosis via regulation of NF-κB, Nrf2, transforming growth factor beta, Smad7, and hepatic stellate cell activation. Phytother. Res. 32, 2568–2576. doi:10.1002/ptr.6197
 Rippe, B., and CarlssOn, O. (1996). Zakaria el-R, null, and Carlsson, OTheoretical analysis of osmotic agents in peritoneal dialysis. What size is an ideal osmotic agent?Perit. Dial. Int. 16 (1), 97–103. doi:10.1177/089686089601601s17
 Rippe, B., and Levin, L. (2000). Computer simulations of ultrafiltration profiles for an icodextrin-based peritoneal fluid in CAPD. Kidney Int. 57, 2546–2556. doi:10.1046/J.1523-1755.2000.00114.X
 Rodrigues-Díez, R., Aroeira, L. S., Orejudo, M., Bajo, M.-A., Heffernan, J. J., Rodrigues-Díez, R. R., et al. (2014). IL-17A is a novel player in dialysis-induced peritoneal damage. Kidney Int. 86, 303–315. doi:10.1038/ki.2014.33
 Ruiz-Carpio, V., Sandoval, P., Aguilera, A., Albar-Vizcaíno, P., Perez-Lozano, M. L., González-Mateo, G. T., et al. (2017). Genomic reprograming analysis of the Mesothelial to Mesenchymal Transition identifies biomarkers in peritoneal dialysis patients. Sci. Rep. 7, 44941. doi:10.1038/srep44941
 Schilte, M. N., Celie, J. W. A. M., Wee, P. M. ter, Beelen, R. H. J., and van den Born, J. (2009). Factors contributing to peritoneal tissue remodeling in peritoneal dialysis. Perit. Dial. Int. 29, 605–617. doi:10.1177/089686080902900604
 Shao, D. D., Suresh, R., Vakil, V., Gomer, R. H., and Pilling, D. (2008). Pivotal advance: Th-1 cytokines inhibit, and Th-2 cytokines promote fibrocyte differentiation. J. Leukoc. Biol. 83, 1323–1333. doi:10.1189/jlb.1107782
 Shivanna, N., Naika, M., Khanum, F., and Kaul, V. K. (2013). Antioxidant, anti-diabetic and renal protective properties of Stevia rebaudiana. J. Diabetes Complicat. 27, 103–113. doi:10.1016/j.jdiacomp.2012.10.001
 Song, K., Xin, M., Zhang, F., Xie, W., Sun, M., and Wu, X. (2020). Novel ultrasmall nanomicelles based on rebaudioside A: A potential nanoplatform for the ocular delivery of pterostilbene. Int. J. Pharm. 577, 119035. doi:10.1016/j.ijpharm.2020.119035
 Stylianou, E., Jenner, L. A., Davies, M., Coles, G. A., and Williams, J. D. (1990). Isolation, culture and characterization of human peritoneal mesothelial cells. Kidney Int. 37, 1563–1570. doi:10.1038/ki.1990.150
 Theiss, A. L., Fuller, C. R., Simmons, J. G., Liu, B., Sartor, R. B., Lund, P. K., et al. (2005). Growth hormone reduces the severity of fibrosis associated with chronic intestinal inflammation. Gastroenterology 129, 204–219. doi:10.1053/j.gastro.2005.05.019
 Welten, A. G. A., Schalkwijk, C. G., ter Wee, P. M., Meijer, S., van den Born, J., Beelen, R. J. H., et al. (2003). Single exposure of mesothelial cells to glucose degradation products (GDPs) yields early advanced glycation end-products (AGEs) and a proinflammatory response. Perit. Dial. Int. 23, 213–221. doi:10.1177/089686080302300301
 Witowski, J., Jörres, A., Korybalska, K., Ksiazek, K., Wisniewska-Elnur, J., Bender, T. O., et al. (2003). Glucose degradation products in peritoneal dialysis fluids: Do they harm?Kidney Int. 63, S148–S151. doi:10.1046/j.1523-1755.63.s84.18.x
 Wong, T. Y. H., Phillips, A. O., Witowski, J., and Topley, N. (2003). Glucose-mediated induction of TGF-beta 1 and MCP-1 in mesothelial cells in vitro is osmolality and polyol pathway dependent. Kidney Int. 63, 1404–1416. doi:10.1046/j.1523-1755.2003.00883.x
 Yáñez-Mó, M., Lara-Pezzi, E., Selgas, R., Ramírez-Huesca, M., Domínguez-Jiménez, C., Jiménez-Heffernan, J. A., et al. (2003). Peritoneal dialysis and epithelial-to-mesenchymal transition of mesothelial cells. N. Engl. J. Med. 348, 403–413. doi:10.1056/NEJMoa020809
 Ye, Z., Li, M., Mei, Z., Zhen, G., and Zhang, P. (2015). [The effects and mechanisms of interleukin-22 and interferon-γ on epithelial-mesenchymal transition of pleural mesothelial cells]. Zhonghua Jie He He Hu Xi Za Zhi Zhonghua Jiehe He Huxi Zazhi Chin. J. Tuberc. Respir. Dis. 38, 501–506. 
 Zuo, X., Ye, X., Sun, F., Qian, K., Xiang, S., Liang, W., et al. (2015). Glucose absorption in nephropathy patients receiving continuous ambulatory peritoneal dialysis. Asia Pac. J. Clin. Nutr. 24, 394–402. doi:10.6133/apjcn.2015.24.3.16
Conflict of interest: NT, LS, SS, and DP are employers of Fresenius Medical Care D GmbH. The collaboration study has received financial support by FME.
The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Kopytina, Pascual-Antón, Toggweiler, Arriero-País, Strahl, Albar-Vizcaíno, Sucunza, Vaquero, Steppan, Piecha, López-Cabrera and González-Mateo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-13-868374-g005.gif





OPS/images/fphar-13-868374-g006.gif





OPS/images/fphar-13-868374-g003.gif
£
3





OPS/images/fphar-13-868374-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Steviol glycosides as an alternative osmotic agent for peritoneal dialysis fluid		Introduction

		Materials and methods		Peritoneal dialysis fluids

		Osmotic capacity measurements

		Isolation, culture, and treatments of human omental peritoneal MCs

		Culture of Met-5A and viability assay

		Real-time qPCR

		FGF-2 and VEGF-A detection in supernatants

		Animals

		Urea removal capacity and surgery

		PD fluid exposure and surgery

		Cytokines detection in peritoneal washings

		FACS analyses

		Histological analyses

		Rebaudioside A degradation and reabsorption analyses

		Statistical analyses





		Results		Steviol glycosides solutions showed ultrafiltration and transport capacities in vitro

		Steviol glycosides has less impact on mesothelial cells alterations in vitro

		Steviol glycosides-based PD fluids did not induce significant mesothelial-mesenchymal transition, fibrosis, inflammatory response, or angiogenesis at the peritoneal tissue in vivo

		Steviol glycosides-based solutions induced a milder inflammatory response in vivo

		Rebaudioside A did not degrade in the peritoneal cavity





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Supplementary material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Pharmacology






OPS/images/fphar-13-868374-g001.gif
S o 5o 1O o 075450
s I s, T
Fio] $90 000, o o | T
el rieieag Zoe
B peee et s
gan gM

Tt Tt

B-’;& £3 BI23%

e = S0 1%

g - &8 SG0.75%

E. ]

< = B

£, sl

o

10 40 60
Dwell time (min)





OPS/images/fphar-13-868374-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





