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Abstract

:

Tubulointerstitial fibrosis (TIF) is a pivotal pathophysiological process in patients with diabetic nephropathy (DN). Multiple profibrotic factors and cell types, including transforming growth factor beta 1 (TGF-β1) and interstitial myofibroblasts, respectively, are responsible for the accumulation of extracellular matrix in the kidney. Matrix-producing myofibroblasts can originate from different sources and different mechanisms are involved in the activation process of the myofibroblasts in the fibrotic kidney. In this study, 16-week-old db/db mice, a model for type 2 DN, were treated for two weeks with continuous erythropoietin receptor activator (CERA), a synthetic erythropoietin variant with possible non-hematopoietic, tissue-protective effects. Non-diabetic and diabetic mice treated with placebo were used as controls. The effects of CERA on tubulointerstitial fibrosis (TIF) as well as on the generation of the matrix-producing myofibroblasts were evaluated by morphological, immunohistochemical, and molecular biological methods. The placebo-treated diabetic mice showed significant signs of beginning renal TIF (shown by picrosirius red staining; increased connective tissue growth factor (CTGF), fibronectin and collagen I deposition; upregulated KIM1 expression) together with an increased number of interstitial myofibroblasts (shown by different mesenchymal markers), while kidneys from diabetic mice treated with CERA revealed less TIF and fewer myofibroblasts. The mechanisms, in which CERA acts as an anti-fibrotic agent/drug, seem to be multifaceted: first, CERA inhibits the generation of matrix-producing myofibroblasts and second, CERA increases the ability for tissue repair. Many of these CERA effects can be explained by the finding that CERA inhibits the renal expression of the cytokine TGF-β1.
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1. Introduction


Diabetes mellitus (DM) is characterized by chronic hyperglycemia and within the two primary forms of DM, type 1 and type 2 (T1DM and T2DM), the non-insulin-dependent T2DM is the most common form of diabetes and is steadily increasing in developed countries [1]. T2DM patients are more susceptible to different complications, such as cardiovascular disease, diabetic neuropathy, retinopathy, and nephropathy [1]. Diabetic nephropathy (DN) is one of the most important microvascular complications, whose earliest manifestation is the presence of minute amounts of urinary protein (microalbuminuria) [1]. DN occurs in approximately 20–40% of patients with diabetes and is the leading cause of chronic kidney diseases and of end-stage renal disease in Europe and the U.S. [2,3]. Although albuminuria is classically regarded as the consequence of diabetes-induced glomerular damage, it is increasingly appreciated that the renal tubulointerstitium also plays an important role in the pathogenesis of DN [3]. All patients with chronic kidney disease show a progressive decline in renal function with time and the tubulointerstitial fibrosis (TIF) is a key cause of this pathophysiology [4]. Fibrogenesis, so-called scarring, involves an excess accumulation of extracellular matrix (ECM), which is a complex mixture of fibronectin, elastin, laminin, and collagens [4]. Renal mesenchymal cells are the principal matrix-producing cells and are responsible for the accumulation and remodeling of ECM in the kidney [4,5]. At least six distinct cell types with mesenchymal phenotypes can be detected in the kidney: (i) activated myofibroblasts; (ii) resident interstitial fibroblasts; (iii) bone marrow-derived fibrocytes; (iv) differentiated vascular pericytes; (v) tubular cells after epithelial-to-mesenchymal transition (EMT); and (vi) endothelial cells after endothelial-to-mesenchymal transition (EndMT) [6]. The latter two are mechanisms, in that epithelial or endothelial cells undergo biochemical changes, which lead to a matrix-producing mesenchymal phenotype. EMT and EndMT are highly regulated processes and are defined by four key steps: (i) loss of epithelial or endothelial characteristics; (ii) de novo α-SMA (alpha-smooth muscle actin) expression and actin reorganization; (iii) disruption of basement membranes under the control of matrix metalloproteinases; and (iv) enhanced cell migration and invasion of the interstitium [7,8,9,10,11,12,13,14]. Several molecular factors are well known to mediate fibrogenesis in DN in a stage-dependent manner [12]. Uncontrolled high glucose concentrations in diabetes induce the production of various profibrotic molecules with transforming growth factor β1 (TGF-β1) as the major player in the induction and progression of TIF [4,12]. The db/db mice, an experimental model for T2DM, have a mutation deletion of the leptin receptor, and leptin deficiency confers susceptibility to obesity and insulin resistance [15]. The underlying genetic background is susceptible to diabetic complication such as nephropathy, and DN in these mice is manifested by albuminuria, due to podocyte loss, and mesangial matrix expansion but also signs of TIF [15,16]. A number of potential therapeutic strategies are being employed to ameliorate progression of TIF. In addition to indirect key strategies (e.g., reduction of hyperglycemia), increasing evidence suggests that erythropoietin (EPO), independent from its hematopoietic effect, may be protective for several tissues, including the heart, brain, and kidney, which may be useful in the prevention of renal disease [17]. The kidney-protective potential of different EPO molecules (e.g., epoetin-β, darbepoetin-β, and continuous erythropoietin receptor activator (CERA)) has been shown in several studies [18,19,20,21]. CERA, a long acting erythropoiesis stimulating agent in treating renal anaemia in patients with diabetic chronic kidney disease, has been shown to ameliorate increased albuminuria by preventing diabetes-induced podocyte damage in the db/db mouse which was apart from hematopoietic effects and without influencing the hyperglycemia, but rather by EPO receptor activation on renal cells [18,20,21].



However, little is known about the possible protective effect of CERA on beginning TIF in db/db mice. In the light of this background, in this study we evaluated different markers for TIF and sources of myofibroblasts in diabetic db/db mice after treatment with placebo or CERA.




2. Materials and Methods


2.1. Animals


All animal experiments were approved by the local ethics committee, and were performed in accordance with the German Animal Protection Law and are described previously [18]. Briefly, the db/db (B6.Cg-Dock7m Leprdb/++/J) animals (n = 8) were treated with 1.2 μg/kg i.p. CERA (continuous erythropoietin receptor activator, MIRCERA, Hoffmann-La Roche, Grenzach-Wyhlen, Germany) once per week for 2 weeks. Non-diabetic (n = 8) and diabetic db/db mice (n = 10) were injected with 0.9% i.p. NaCl (placebo) as control. All mice were 14–16 weeks old at the beginning of the study and only male mice were used to control for potential hormonal effects.




2.2. Picrosirius Red Staining


For evaluation of the kidney fibrosis paraffin-embedded, 2 μm sections were stained with Sirius Red after Puchtler et al. [22,23]. The paraffin sections were de-waxed, hydrated, and stained with picrosirius red solution (0.1% Sirius Red F3B in saturated picric acid) for 1 h, washing twice in acidified water, dehydrating, and then clearing in xylene. The tissue sections were counterstained with Weigert’s iron hematoxylin solution for 5 min (Morphisto Lab, Frankfurt, Germany). Sirius red sections were viewed with bright field as well as with polarization contrast illumination at 20×. The collagen content was assessed according to [24], with assessment of the color changes of collagen fibers under polarized light: when fiber thickness increases, the color changes from green to yellow to orange to red.




2.3. Immunohistochemical Staining


Paraffin kidney sections (thickness 2 μm) from all animals were deparaffinized, exposed to heat-mediated antigen retrieval in citrate buffer (pH 6.0) (except for connective tissue growth factor (CTGF)) and then incubated with 3% H2O2 (Carl Roth GmbH & Co.KG, Karlsruhe, Germany) for 10 min at room temperature to block endogenous peroxidase. The following primary antibodies were used: rabbit anti-bone morphogenetic protein-7 (BMP-7), rabbit anti-cluster of differentiation 34 (CD34), rabbit anti-collagen I, rabbit anti-CTGF, rabbit anti-fibronectin, rabbit anti-fibroblast specific protein 1 (FSP1), rabbit anti-Ki67, rabbit anti-matrix metalloproteinase 2 (MMP2), rabbit anti-α-SMA, and goat anti-Snail1 (Abcam, Cambridge, UK), rabbit anti-vimentin (Epitomics, Burlingame, CA, USA), rabbit anti-E-cadherin, rabbit anti-TGF-β1 (Cell Signaling, Danvers, MA, USA). After incubation of the sections with peroxidase-labeled rabbit anti-goat or goat anti-rabbit IgG antibody (KPL, Gaithersburg, MD, USA), diaminobenzidine (DAB) was used as a chromogen (Peroxidase substrate Kit DAB (Vector Laboratories, Burlingame, CA, USA)). Except for the nuclear Ki67 and Snail1 staining, the tissue sections were counterstained with hemalum.



For imaging, documentation and quantification, five non-overlapping pictures (magnification 200×) per section were taken under standardized conditions using the AxioVision 4.8 software and the monochrome modus of the camera (AxioCam HRc; both Zeiss, Jena, Germany). Semi-quantitative analyses were performed by three independent investigators blinded to the origin of the groups using a semi-quantitative scoring system for the quantification of collagen I, CTGF, E-cadherin, fibronectin, and MMP2 expression, as well as of the tubular and endothelial expression of FSP1, α-SMA, and vimentin with: 0 = no staining, 1 = <10% of tubuli/vessels per field, 2 = 25% of tubuli/vessels per field, 3 = 50% of tubuli/vessels per field, 4 = 75% of tubuli/vessels per field, and 5 = 100% of tubuli/vessels per field [25,26]. The expression of Snail1, Ki67, CD34, and interstitial FSP1, α-SMA, and vimentin were quantified by counting the number of positive nuclei or interstitial cells per field. To combine the results from the three independent investigators, the values from the non-diabetic controls were assigned as an arbitrary value of 1.




2.4. RNA Isolation and Real-Time PCR


To determine the steady-state mRNA levels of collagen type I, KIM1 (kidney injury molecule 1) and TGF-β1, the total RNA was isolated from kidney homogenates using the RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Germany) (n = 3 of the non-diabetic placebo group; n = 4 of the diabetic placebo group; n = 3 of the diabetic CERA group). DNA contaminations were eliminated using the RNase-Free DNase Set (Qiagen) and 1 μg total RNA was reverse-transcribed using the Reverse Transcription System from Promega (Madison, WI, USA). The expression levels of genes were determined as previously described [27]. Values were normalized to the average of GUSB (glucuronidase beta) and HPRT1 (hypoxanthine phospho-ribosyltransferase 1) expression, and the non-diabetic controls were assigned as an arbitrary value of 1. Primers were purchased from TIB Molbiol (Berlin, Germany) and the sequences and annealing temperature are listed in Table 1.




2.5. Analysis of Renal TGF-β1 Protein Expression


Total protein from the cortices of mouse kidneys (n = 3 per group) was isolated by homogenization with complete Lysis-M buffer supplemented with protease inhibitors (both from Roche Diagnostics, Mannheim, Germany). After centrifugation, the activated TGF-β1 concentrations in the protein lysates of the renal tissue were quantitatively determined by using the Mouse/Rat/Porcine/Canine TGF-β1 ELISA according to the manufacturer’s instructions (Quantikine, R&D Systems, Wiesbaden, Germany). The concentration of TGF-β1 in the kidney was expressed as picograms per milligram of total protein.




2.6. Statistical Analyses


All data in this article are reported as means ± SEM. Statistical analysis was performed using SPSS statistics (IBM, Armonk, NY, USA). Results were analyzed using the Kruskal-Wallis test for multi-group comparisons, followed by the Mann-Whitney rank sum test to compare individual groups of mice. Statistical significance was accepted at p ≤ 0.05.





3. Results and Discussion


3.1. CERA Inhibits Tubulointerstitial Fibrosis in Mice with Diabetes Type 2


Recently, we demonstrated that medication of overt DN with CERA for a short time could ameliorate albuminuria and podocyte loss in db/db mice [18]. Of particular importance, the shown kidney protective action of CERA was independent from the well-known hematopoietic effect of EPO [18]. This suggests that EPO or its analogs can mediate their positive impact also via direct signaling through the EPO receptor on the surface of the renal cells [18]. Among glomerular pathology, the rate of deterioration of renal function correlates best with the degree of TIF in DN [33]. Therefore, we studied the effect of CERA on TIF in genetic-induced diabetic kidney injury in db/db mice (Figure 1). Several different morphometry techniques have been employed to assess fibrosis, including Masson trichrome, Sirius red and immunohistochemistry for fibronectin and collagens [34]. Visual assessment using Masson trichrome stained slides is the standard practice, but has been reported to be poorly reproducible, whereas repeated analysis is highly consistent for Sirius red staining, which is specific for collagen types I and III fibrils under polarized light [34,35]. Figure 1A shows the picrosirius red staining with unpolarized light (left images) and the appropriate polarization contrast microscopy (right images). It proved difficult to quantify differences in the collagen content or fiber thickness between non-diabetic and diabetic animals and much less between placebo- and CERA-treated diabetic mice from brightfield images. Therefore, we calculated the collagen content by analysis of collagen fiber color following Rich et al. [24]. The color of picrosirius red-stained collagen seen with polarized light changes as fiber thickness increases: from green (thin) to yellow and orange up to red (thick) [24]. Whereas kidney sections of non-diabetic mice show almost no or at most yellow-stained fibers, an appearance of orange- or red-stained fibers can be observed in diabetic kidneys (Figure 1A right panel). This indicates an increase in collagen content and fiber thickness as a measure for beginning TIF. CERA attenuates the diabetes-induced thickening of collagen fibers as the proportion of interstitial red fibers decreased, while the proportion of orange and yellow fibers increased compared with kidneys from placebo-treated diabetic mice (Figure 1A right panel). To support this finding, we investigated the synthesis and accumulation of the fibrosis inductor and marker connective tissue growth factor (CTGF) as well as the matrix molecules fibronectin and collagen type I (Figure 1B–E). CTGF is a profibrotic cytokine and has been shown to be involved in both the early and later stages of DN, where it is strongly induced [36]. Downstream of a cascade of events induced by hyperglycemia, CTGF promotes increased expression of ECM proteins (e.g., collagen type I, and fibronectin) [36]. Although, CTGF is a downstream mediator of the profibrotic signaling of TGF-β1, it has also TGF-β-independent effects to enhance renal fibrosis: it has been shown that renal tubular expression of CTGF correlates with TIF in DN and that specific down-regulation of CTGF attenuates nephropathy in mouse models of type 1 and 2 DN [37]. The adhesive glycoprotein fibronectin is the major ECM protein and during fibrogenesis initially produced, serves as a scaffold for the deposition of other proteins, such as collagen type I and III, and is thought to function as a fibroblast chemoattractant to amplify the fibrotic response [7,38]. As expected, the semi-quantitative assessment of these fibrosis-related proteins demonstrated a significant enhanced expression under diabetic conditions (Figure 1B–D). In contrast, when diabetic mice are treated with CERA, the production or deposition of CTGF and the matrix molecules fibronectin and collagen I is diminished (Figure 1B–D). Our data further show that CERA decreases the diabetes-induced renal expression of kidney injury molecule 1 (KIM1), a transmembrane tubular protein with unknown function, to the level of non-diabetic controls (Figure 1F). It has been published that KIM1 is significantly increased in DN and is used as a new biomarker for tubular injury and indirectly for TIF, because it is primarily expressed at the luminal side of dedifferentiated proximal tubules, in areas with fibrosis [25,39].



Taken together, our data suggest that diabetic mice with an age of 16 weeks begin to develop early TIF, whereas CERA seems to inhibit the glucose-induced interstitial fibrogenesis. This is, in addition to our previously demonstrated protective effects of CERA on glomerular pathology [18], a further explanation for the ameliorated decrease in renal function by CERA.




3.2. CERA Influences Myofibroblast Population in Renal Interstitium of db/db Mice


The percentage of myofibroblasts is proportionally correlated with the severity of renal fibrosis [40]. Myofibroblasts may arise from a number of sources such as activated renal fibroblasts, EMT, EndMT, and bone marrow-derived fibrocytes [4,40,41]. To delineate the origin of the renal myofibroblasts in diabetic db/db mice, we stained the kidney sections with several markers and assessed the changes in diabetic kidneys compared to non-diabetic controls as well as the influence of CERA on the observed changes (Figure 2).



Snail1, a transcription factor that can be activated by TGF-β pathways but also in a TGF-β-independent manner, controls major biological processes responsible for renal fibrogenesis, including mesenchymal reprogramming of tubular epithelial or endothelial cells [13,14,42]. Our results from the assessment of Snail1 expression (Figure 2A) are consistent with the findings that in renal biopsies of patients with DN as well as in kidneys of type 2 diabetic mice, the level of Snail1 are upregulated, which is associated with enhanced EMT/EndMT-like changes and TIF [14,16,43]. Snail1, as the most prominent EMT transcriptional regulator, is known to induce MMP2 and downregulate E-cadherin initiating EMT [44,45,46,47]. Here we demonstrate, that placebo-treated diabetic mice exhibit enhanced MMP2 expression (Figure 2B) as well as significantly decreased E-cadherin (Figure 2C) compared with age-matched non-diabetic animals, suggesting that EMT-like changes possibly play a role in renal fibrogenesis at this time point of disease. Although, for the purpose of EMT, Snail upregulates MMP2 to degrade the basement membrane [48], it has also been shown that enhanced expression of MMP2 represents a primary mediator of renal injury and reduced MMP2 expression protects mice against renal fibrosis, as opposed to the generally accepted concept that limits the pathogenic role of MMP2 activity to the phase of epithelial cell migration/invasion into the interstitial space [49,50]. In addition to the EMT and EndMT processes, in chronic injury, bone marrow-derived fibrocytes can also be a source of matrix-producing myofibroblasts [4,41]. Our data supports this hypothesis, as the number of interstitial CD34+ cells is significantly increased in diabetic mice with TIF (Figure 2D). In answer to the question of the CERA effects on the observed TIF-promoting events, it is revealed that CERA reversed these pathological processes: the increase of Snail1 and MMP2, the decrease of E-cadherin, as well as the invasion of bone marrow-derived fibrocytes (Figure 2A–D). In addition to its role as a local regulator of EMT/EndMT, interestingly, paracrine, “secreted” Snail1 may also contribute to the recruitment or proliferation of interstitial myofibroblasts after kidney injury in a more global process [51,52,53,54]. To determine the proliferation of tubulointerstitial cells, as a further source of myofibroblasts, we performed immunohistochemical staining of kidney sections from non-diabetic as well as diabetic mice with the cell division marker Ki67 (Figure 2E). Only sporadic proliferating Ki67-positive cells were observed in the normal kidneys of healthy animals, which was also shown by other groups [55]. Contrary to our expectations, the semi-quantitative assessment of the Ki67 positive-stained cells showed no substantial increase of cell proliferation in the interstitium in diabetic kidneys independent from treatment (Figure 2E), suggesting that, at least at this stage of renal fibrogenesis, the proliferation of resident fibroblasts plays no or a minor role for the generation of activated myofibroblasts. Interestingly, the result of cell counting of proliferating tubular epithelial cells is a slight increase under diabetic conditions, which is significantly intensified after administration of CERA (Figure 2E). It has been previously described, that epithelial cells, when damaged in the proximal portion of the nephron, rapidly proliferate to repair the damage to the kidney [4,39]. The kidney has a good capacity for regeneration after injury and fibrosis is thought to result from wound healing processes that fail to terminate [4,56]. Unfortunately, while much is known about the contribution of various molecules and signaling pathways to this “repair” process, little is known about what eventually goes wrong [56].



As described above, EMT and EndMT are defined by different key steps, including the gain of mesenchymal cell marker, such as vimentin and fibroblast specific protein 1 (FSP1), and the α-SMA de novo synthesis, whose expression we investigated in diabetic mice treated with placebo or CERA and non-diabetic mice (Figure 2F–H). Although, we found a numerical or significant upregulation of vimentin (Figure 2F) and FSP1 (Figure 2G) in endothelial as well as tubular cells under diabetic conditions, a substantial and evaluable de novo synthesis of α-SMA (Figure 2H), was only found in tubular cells, which indicates that rather EMT-like changes than full-way EndMT occurs in this stage of diabetes-induced fibrogenesis. However, equally to the initial EMT events, shown in Figure 2A–C, these consequent key steps of EMT are also reversed by CERA treatment (Figure 2F–H). In addition to the evaluation of the endothelial and tubular expression of vimentin, FSP1 and α-SMA, we counted the number of interstitial cells, which are positive for these markers (Figure 2F–H). We found a distinct upregulation of tubulointerstititial cells and an attenuation by CERA, no matter what we have analyzed. Due to the diverse origin and mixed phenotypic heterogeneity of myofibroblasts as well as to the relative lack of specific markers [6,40], it is challenging to distinguish the one cell type from the other. For example, interstitial myofibroblasts under pathological conditions are positive for all of the three markers (α-SMA, vimentin and FSP1), while vimentin also stains interstitial pericytes (in addition positive for α-SMA, but negative for FSP1) and resident fibroblasts (in addition positive for FSP1, but negative for α-SMA) [39,57].



Taken together, although, owing to the overlap of marker expression, only ultrastructural analysis can discriminate between the different interstitial cell types [57], our data indicate that CERA has a potent protective property against myofibroblast generation on the one hand, and increases the renal capacity for regeneration, on the other hand.




3.3. The Expression of TGF-β1 Is Reduced by CERA in Diabetic Kidneys


In type 1 and 2 diabetes, the broad-spectrum cytokine TGF-β1 is increased and regulates many biological processes [58,59,60,61]. The TGF-β1-mediated effects influence the pathology of different renal cells, which subsequently leads to TIF [58,62]. BMP7, a homodimeric member of the TGF-β superfamily, is primarily expressed in kidney tubules and glomeruli [63]. Physiologically, BMP7 plays an important role in the kidney development and regulation of nephrogenesis, but in human and experimental DN, the renal cortical expression of BMP7 is progressively decreased [64,65]. Several studies demonstrated, that BMP7 can counteract the TGF-β1 action by inhibiting TGF-β-mediated fibrosis and TGF-β-induced EMT/EndMT [14,45,64,66,67,68]. To investigate whether the renoprotective effect of CERA is due to the influence of the BMP7 expression, we first evaluated the renal expression of BMP7 (Figure 3A). Indeed, we could confirm that the levels of renal BMP7 are significantly reduced under diabetic conditions, but administration of CERA could not reverse the downregulation of BMP7. Finally, we analyzed the renal TGF-β1 protein and mRNA and, in fact, in kidneys from diabetic mice treated with CERA the upregulation of TGF-β1 was no longer detectable (Figure 3B–D), indicating that CERA exhibits the potential to inhibit the profibrotic TGF-β1.



This finding presents a good explanation for at least the CERA-provoked attenuation of TIF and EMT-like changes. Very recently, we have also suggested that the significantly reduced clinical signs of DN (less renal TIF as well as EMT-like changes) are most likely due to the decreased TGF-β1 expression by upregulated EPO in kidneys of diabetic transgenic mice in which the HIF/EPO axis is activated [16]. The question is: how can EPO/CERA exert this capacity to influence the TGF-β1 expression? CERA may inhibit the TGF-β1-mediated signaling as well as the TGF-β1 expression itself, which is based on studies that have demonstrated, that TGF-β1 induces its own expression in a pSmad3-dependent manner in renal cells [69] and that EPO treatment suppresses TGF-β1-mediated signaling by inhibiting the phosphorylation and nuclear translocation of Smad3 [70]. In addition, Zhang et al. have shown that TGF-β1 activates NF-κB via ERK MAP kinase and that this is required for transcriptional autoinduction of TGF-β1 [71]. While erythropoiesis is stimulated by the canonical EpoR homodimer, the tissue-protective effects of EPO are mediated through a heterodimeric “tissue-protective” receptor. This tissue-protective receptor is supposed to be a heterocomplex composed of EpoR and the ubiquitous β-common receptor (βcR, CD131, colony-stimulating factor 2 receptor-β) [72]. Both, the activation of βcR and the activation of Akt are essential for renoprotection by EPO [73]. It has been demonstrated that EPO enhances, in a βcR-dependent manner, the activation of Akt, resulting in inhibition of activation of NF-κB [73].





4. Conclusions


This study demonstrates the non-hematopoietic, tissue-protective effect of CERA on beginning TIF in db/db mice with type 2 DN. This is due to both the inhibition of the generation of matrix-producing interstitial myofibroblasts and the enhanced ability for tissue repair after treatment of diabetic mice with CERA. Most of these kidney-protective effects are the results of the CERA-mediated attenuation of the renal expression of TGF-β1, the maybe most potent fibrotic cytokine. Further investigations are needed to understand the mechanisms by which CERA may influence kidney repair and regeneration.
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Figure 1. The tubulointerstitial fibrosis is reduced by CERA in diabetic kidneys. (A) Picrosirius red. Representative images of picrosirius red staining (magnification: 200×). Left: bright field illumination. Right: polarization contrast illumination. The color of the fibers shows the collagen content (increasing thickness: from green to yellow to orange to red); (B) CTGF. Representative images of CTGF immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (C) Fibronectin. Representative images of fibronectin immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (D) Collagen I. Representative images of collagen type I immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (E) Collagen I mRNA. Real-time PCR analysis of the renal collagen I mRNA expression. Values were normalized to the expression of housekeeping genes; (F) KIM1 mRNA. Real-time PCR analysis of the renal KIM1 mRNA expression. Values were normalized to the expression of housekeeping genes. Whereas placebo-treated diabetic animals show significant increase in all tested fibrosis marker, compared to non-diabetic controls, CERA treatment reveals anti-fibrotic effects in kidneys of diabetic mice. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 = diabetic vs. non-diabetic control; # p ≤ 0.05 = db/db CERA vs. db/db placebo. The non-diabetic controls were assigned as an arbitrary value of 1. 






Figure 1. The tubulointerstitial fibrosis is reduced by CERA in diabetic kidneys. (A) Picrosirius red. Representative images of picrosirius red staining (magnification: 200×). Left: bright field illumination. Right: polarization contrast illumination. The color of the fibers shows the collagen content (increasing thickness: from green to yellow to orange to red); (B) CTGF. Representative images of CTGF immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (C) Fibronectin. Representative images of fibronectin immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (D) Collagen I. Representative images of collagen type I immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (E) Collagen I mRNA. Real-time PCR analysis of the renal collagen I mRNA expression. Values were normalized to the expression of housekeeping genes; (F) KIM1 mRNA. Real-time PCR analysis of the renal KIM1 mRNA expression. Values were normalized to the expression of housekeeping genes. Whereas placebo-treated diabetic animals show significant increase in all tested fibrosis marker, compared to non-diabetic controls, CERA treatment reveals anti-fibrotic effects in kidneys of diabetic mice. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 = diabetic vs. non-diabetic control; # p ≤ 0.05 = db/db CERA vs. db/db placebo. The non-diabetic controls were assigned as an arbitrary value of 1.



[image: Jcm 07 00015 g001a][image: Jcm 07 00015 g001b]







[image: Jcm 07 00015 g002 550] 





Figure 2. The sources of interstitial myofibroblasts are influenced in db/db mice. (A) Snail1. Representative images of Snail1 immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the number of positively stained cells (graph); (B) MMP2. Representative images of MMP2 immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (C) E-cadherin. Representative images of E-cadherin immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (D) CD34. Representative images of CD34 immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the number of positively stained interstitial cells (graph); (E) Ki67. Representative images of Ki67 immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the number of positively stained nuclei of tubular (thin arrow) and interstitial cells (double thin arrow) (graph); (F) Vimentin. Representative images of vimentin immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the endothelial and tubular staining as well as the number of positively stained interstitial cells (graph). Positive endothelial cells (thin arrow), positive tubular cells (double thin arrow), and positive interstitial cells (thick arrow); (G) FSP1. Representative images of FSP1 immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the endothelial and tubular staining as well as the number of positively stained interstitial cells (graph). Positive endothelial cells (thin arrow), positive tubular cells (double thin arrow), and positive interstitial cells (thick arrow); (H) α-SMA. Representative images of α-SMA immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the endothelial and tubular staining as well as the number of positively stained interstitial cells (graph). Positive endothelial cells (thin arrow), positive tubular cells (double thin arrow), and positive interstitial cells (thick arrow). The interstitial matrix-producing myofibroblasts are reduced in diabetic kidneys when treated with CERA. This is partly due to reduction of EMT-like or EndMT-like changes and less migration of fibrocytes into the interstitium. CERA also increases the proliferation rate of tubular cells. * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 = diabetic vs. non-diabetic control; # p ≤ 0.05, ### p ≤ 0.001 = db/db CERA vs. db/db placebo. The non-diabetic controls were assigned as an arbitrary value of 1. 
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Figure 3. Analyses of CERA effects on the renal expression of the TGF-β superfamily members BMP7 and TGF-β1. (A) BMP7. Representative images of BMP7 immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (B) TGF-β1. Representative images of TGF-β1 immunohistochemistry (magnification: 200×) and semi-quantitative analysis of the staining (graph); (C) TGF-β1 protein. Activated TGF-β1 protein levels in lysates of the renal tissue. The TGF-β1 concentration in the kidney is expressed as pg/mg of total protein; (D) TGF-β1 mRNA. Real-time PCR analysis of the renal TGF-1 mRNA expression. Values were normalized to the expression of housekeeping genes. The inhibition of the BMP7 expression in diabetic kidneys, compared to healthy controls, is not influenced by CERA treatment. Whereas diabetic kidneys express increased amounts of pro-fibrotic TGF-β1, the diabetic animals that are treated with CERA show less TGF-β1 mRNA as well as protein in their renal tissue. ** p ≤ 0.01, *** p ≤ 0.001 = diabetic vs. non-diabetic control; # p ≤ 0.05 = db/db CERA vs. db/db placebo. The non-diabetic controls were assigned as an arbitrary value of 1 (except in (C)). 
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Table 1. Primer sequences and annealing temperature used for real-time PCR.
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	Target
	Sence Primer
	Antisense Primer
	TAnn.
	Reference





	collagen I
	5′-GAGAGGTGAACAAGGTCCCG-3′
	5′-AAACCTCTCTCGCCTCTTGC-3′
	64 °C
	[28]



	KIM1
	5′-ATGAATCAGATTCAAGTCTTC-3′
	5′-TCTGGTTTGTGAGTCCATGTG-3′
	55 °C
	[29]



	TGF-β1
	5′-AAGGGCTACCATGCCAACTT-3′
	5′-CGGGTTGTGTTGGTTGTAGA-3′
	62 °C
	[30]



	GUSB
	5′-CCGATTATCCAGAGCGAGTATG-3′
	5′-CTCAGCGGTGACTGGTTCG-3′
	59 °C
	[31]



	HPRT
	5′-TGGATACAGGCCAGACTTTGTT-3′
	5′-CAGATTCAACTTGCGCTCATC-3′
	59 °C
	[32]
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