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Abstract

:

Phosphorus is a vital element for life found in most foods as a natural component, but it is also one of the most used preservatives added during food processing. High serum phosphorus contributes to develop vascular calcification in chronic kidney disease; however, it is not clear its effect in a population without kidney damage. The objective of this in vivo and in vitro study was to investigate the effect of high phosphorus exposure on the aortic and serum levels of miR-145 and its effect on vascular smooth muscle cell (VSMCs) changes towards less contractile phenotypes. The study was performed in aortas and serum from rats fed standard and high-phosphorus diets, and in VSMCs exposed to different concentrations of phosphorus. In addition, miR-145 silencing and overexpression experiments were carried out. In vivo results showed that in rats with normal renal function fed a high P diet, a significant increase in serum phosphorus was observed which was associated to a significant decrease in the aortic α-actin expression which paralleled the decrease in aortic and serum miR-145 levels, with no changes in the osteogenic markers. In vitro results using VSMCs corroborated the in vivo findings. High phosphorus first reduced miR-145, and afterwards α-actin expression. The miR-145 overexpression significantly increased α-actin expression and partially prevented the increase in calcium content. These results suggest that miR-145 could be an early biomarker of vascular calcification, which could give information about the initiation of the transdifferentiation process in VSMCs.
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1. Introduction


Phosphorus (P) is a key element for life that is present in all cells of the organism. P is also found in most foods as a natural component, and it is one of the most used preservatives added during food processing. Progressively, over the last decades, an exponential increase in the consumption of processed foods has been observed, and in many circumstances the intake of P exceeds the dietary recommendations [1]. The seminal knowledge of the potential risks related to high P intake is based on studies in patients with chronic kidney disease (CKD) who display elevated serum P levels in the late stages of CKD, resulting in a potent stimulus that triggers secondary hyperparathyroidism [2], increases vascular calcification, aggravates left ventricular fibrotic hypertrophy leading to heart failure, accelerates kidney damage and increases the risk of mortality [3,4,5,6,7,8].



In individuals with normal renal function, results are less conclusive, although a positive association between the increase in serum P and the prevalence of cardiovascular disease has been found [9]. Furthermore, despite its importance, it is still unclear whether a high P exposure in the presence of normal renal function could influence the transdifferentiation of vascular smooth muscle cells (VSMCs) to bone-like cells, able to promote vascular calcification.



The VSMCs, mainly located in the medial layer of the arterial wall, are responsible for the contractile properties of the arteries [10,11]. Under several stimuli, VSMCs can transdifferentiate and lose the phenotypic markers responsible for smooth muscle cell contractility, such as α-actin—the main marker of the vascular and contractile phenotype of VSMCs—and differentiate to osteoblast-like cells which express proteins characteristic of bone [12], leading to vascular calcification, which is currently diagnosed once the crystals with calcium (Ca) and P have been already deposited. Thus, strategies must be designed to identify non-invasive and sensitive biomarkers of vascular calcification, such as microRNAs (miRs) that may allow to advance the diagnosis of vascular calcification at earlier stages.



miRs are small non-coding RNA molecules that play a crucial role in gene regulation and post-transcriptional control of gene expression [13]; they are good candidates as biomarkers, as they can be easily measured in serum, plasma or urine using simple and cheap techniques. Several studies have identified miRs as being important regulators of genes related to the cardiovascular complications [14,15,16]. In fact, low levels of miR-145—the most prolific miR in VSMCs—has been associated with loss of contractile phenotypes, increased osteogenic differentiation [17,18,19,20] and consequently, vascular calcification [21].



Therefore, the objective of the present study was to investigate the influence of high P exposure on the aortic expression and serum levels of miR-145 and its effect on the VSMC changes towards less contractile phenotypes.




2. Materials and Methods


The present work was carried out combining an in vivo and an in vitro approach; (a) an in vivo rat study, using aortas and serum from rats with normal renal function fed a normal and high-P diet and; (b) an in vitro study, conducted in VSMCs (A7r5) exposed to different concentrations of P and in VSMCs, in which miR-145 was overexpressed and silenced to elucidate its potential role in the VSMCs phenotypic transdifferentiation.



The in vivo experimental protocol was approved by the Laboratory Animal Ethics Committee of Oviedo University (PROAE 14/2021) and it adhered to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.



2.1. In Vivo Study


2.1.1. Animal Model


Four-month-old male Wistar rats (350–400 g) were divided into two groups: one group fed a commercial rodent chow with a standard P content (NP; 0.6% P, 0.6% Ca and 20% protein content; Envigo, IN, USA) (n = 10), and a group fed a high P diet (HP; 0.9% P, 0.6% Ca, and 20% protein content) (n = 10). Rats were housed in wire cages and received diet and water ad libitum. After 18 weeks, rats were sacrificed by exsanguination using isoflurane anaesthesia, and serum samples were obtained for analyses. Aortas were removed, washed twice with saline solution, and cut into three pieces used for RNA/miR extraction, Ca content and paraffin inclusion. Hearts were also collected, washed three times with saline solution and weighted.




2.1.2. Biochemical Markers


Serum and urinary Ca, P and creatinine were evaluated using automated chemistry analyzer (Hitachi 717, Boehringer Mannheim, Germany). Serum parathormone (PTH) and fibroblast growth factor-23 (FGF23) were measured by sandwich ELISA (Rat Intact PTH ELISA Kit; Quidel, San Diego, CA, USA and Mouse/Rat Intact FGF23 kit; Immutopics, San Clemente, CA, USA) conforming the manufacturer’s instructions. The fractional excretion of P and Ca was calculated as [(urine molecule × serum creatinine)/(serum molecule × urine creatinine)].




2.1.3. Blood Pressure Measurement


On the week previous to the sacrifice, systolic (SBP) and diastolic blood pressure (DBP) were measured by non-invasive blood pressure monitoring in conscious restrained rats (tail-cuff technique (LSI Letica, Panlab, Barcelona, Spain). To reduce the stress induced by this procedure, animals were accustomed to the instrument for 4 consecutive days prior to the definitive measurements, consisting in a set of a minimum of 10 repetitive determinations per rat. Only stable, reproducible values were taken into account.





2.2. In Vitro Study


2.2.1. Induction of A7r5 Osteogenic Phenotype Differentiation and Calcification


The cell line A7r5 (VSMCs from rat aorta, ATCC) was grown in Dulbecco modified eagle medium (1.8 mM Ca and 1 mM P) (DMEM, Lonza, Alsace, France) supplemented with 10% fetal bovine serum (FBS, Lonza, Alsace, France) and 1% penicillin/streptomycin (Lonza, Alsace, France) to subconfluence. Three different types of experiments were conducted:




	(1)

	
To evaluate the influence of the P concentration, A7r5 cells were cultured in DMEM with 1% FBS increasing the P content as follows: 1 mM P (control with no P supplementation, named from now onwards as non-calcifying medium), 1.5 mM P, 2 mM P, 2.5 mM P, 3 mM P (named from now onwards as calcifying medium) and 3.5 mM P, the culture medium was replaced daily. Ca deposition and gene/miR expression were assessed 3 days after the exposure to P.




	(2)

	
In order to study the sequence of the changes, A7r5 cells were cultured in DMEM supplemented with 1% FBS and exposed to 1 mM P (non-calcifying medium) and 3 mM P (calcifying medium), for 0, 6, 12, 24, 36, 48, 60 and 72 h. Ca deposition and gene/miR expression in A7r5 cells and miR-145 levels in culture medium were assessed at every time point of the experiment.




	(3)

	
In order to elucidate whether PTH, which is frequently associated to high P, has a direct effect on α-actin expression, miR-145 levels and Ca content in VSMCs, A7r5 cells were cultured in DMEM (supplemented with 1% FBS) and exposed to 1 mM P or 3 mM P adding in both cases PTH 1–34 at different concentrations, (from 10−9 M to 10−7 M, Sigma-Aldrich, St. Louis, MO, USA), replacing the culture medium daily. Ca deposition and gene/miR expression were assessed 3 days after the exposure to P and PTH.









All the experiments were replicated at least three times with three wells per condition.




2.2.2. Transfection with Mimics or Antagomirs


A7r5 cells were seeded at a concentration of 1 × 105 cells per well in six-well plates (Corning Costar, NY, USA). At 60–70% confluence, cells were transfected overnight with 500 pmol of miR-145 mimic (for miR-145 overexpression), an antisense oligonucleotide of miR-145 (antagomir, to inhibit miR-145 expression), (Thermo Fisher Scientific, Waltham, MA, USA) using the DharmaFECT transfection reagent (GE Healthcare Dharmacon, Lafayette, CO, USA) according to the manufacturer’s guidelines. Transfection with a scrambled sequence (Thermo Fisher Scientific, Waltham, MA, USA) acted as a negative control, with the same condition as mimics and antagomirs. Cells were then exposed for three days to non-calcifying and calcifying medium. Afterwards, Ca content, miR-145 and α-actin gene expression were measured. All experiments were repeated three times.





2.3. Analytical and Technical Procedures


2.3.1. Quantification of Ca Content


A fragment of the rat abdominal aorta was washed with phosphate-buffered saline (PBS) and homogenized in 0.6 N HCl with an Ultraturrax (OmniHT). A7r5 cells were also washed three times with PBS and 0.6 N HCl was added to the wells. Both tissues and cells were shaken at 4 °C for 24 h. Upon centrifugation, Ca content was measured in the supernatants by the ortho-cresolphtalein complexone technique (Sigma-Aldrich, St. Louis, MO, USA). Pellets were resuspended in lysis buffer (125 mM Tris, 2% SDS, pH 6.8) for protein extraction and quantification by DC protein assay (Bio-Rad, Hercules, CA, USA). Ca content was normalized to total cell protein and expressed as micrograms of Ca per milligram of protein.




2.3.2. Von Kossa Staining


Von Kossa staining was performed in five µm aorta sections following standard protocols. After capturing the images with a digital microscope (DMRXA2, Leica Microsystems, Wetzlar, Germany) coupled with a Leica DFC7000 T camera (Leica Microsystems), a semiautomatic image analysis software (ImageJ 1.52p) was used to evaluate the aortic calcification.




2.3.3. RNA and MicroRNA Isolation, Retrotranscription and Quantitative PCR


A piece of the rat abdominal aorta was homogenized with Ultraturrax (OmniHT) in TRI Reagent (Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer protocols. Total RNA from serum, culture medium and A7r5 cells was also extracted with TRI Reagent. RNA concentration was quantified by UV-Vis Spectrophotometry (NanoDrop Technologies, Wilmington, DE, USA). Retrotranscription was carried out with a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Waltham, MA, USA) for small RNAs and genes.



Real time quantitative PCR (RT-qPCR) was carried out using TaqMan Assays (Applied Biosystems, Waltham, MA, USA) in Quant Studio 3 (Applied biosystems, Waltham, MA, USA) to measure miR-145 and endogenous rat small nuclear RNA U6 or the spike in cel-miR-39 (Thermo Fisher Scientific, Waltham, MA, USA) that were used as references for tissue/cells and for serum/medium samples, respectively. α-actin, and osteogenic Runt-related transcription factor 2 (Runx2) and Osterix (Osx) gene expression were also determined by qRT-PCR and glyceraldehide-3-phosphate-dehydrogenase (GAPDH) was used as the housekeeping gene.



miRs and target genes gene expression were evaluated by comparing threshold cycles using the ΔΔ cycle threshold method [22].




2.3.4. Statistical Analyses


Data are shown as median and interquartile range (IQR). Groups were compared using the parametric Student’s t-test or the non-parametric Mann–Whitney–Wilcoxon U test for variables that followed normal or non-normal distribution. For multiple groups, the comparisons were performed using the analysis of variance (ANOVA) or Kruskal–Wallis with the post-hoc analysis Tukey’s or Dunn’s Multiple Comparison tests for normal or non-normal distributions, respectively. Pearson’s correlation was used to analyze the linear relationship of the data. All analyses were performed using R software 4.1.1.






3. Results


3.1. In Vivo Study


3.1.1. Biochemical Markers


The rats fed a high-P diet (HP) showed significant higher levels of serum P and PTH than rats fed a normal-P diet (NP). No significant differences were found in serum levels of Ca, FGF23 and creatinine clearance (Table 1). The fractional excretion of P was remarkably higher in the rats fed a high-P (HP) diet and the fractional excretion of Ca was lower than in rats fed a normal-P diet (NP) (Table 1).




3.1.2. Cardiovascular Parameters


DBP was significantly higher in the group of HP rats; however, no differences in SBP and heart/body weight ratio were found. There were no differences in the Ca content of the aorta and all samples were negative for Von Kossa staining. A significant decrease (51%) in the aortic α-actin expression was observed in the aortas from the HP group (Table 2). No changes in the osteogenic markers Runx2 and Osx were found.



Aortic and serum miR-145 levels were significantly lower in HP rats (Figure 1A,B), and a significant positive correlation was found between both parameters (R = 0.55, p = 0.012; Figure 1C). The aortic α-actin expression showed a positive and significant correlation with aortic miR-145 levels (Figure 1D).





3.2. In Vitro Study


3.2.1. Effect of Increasing the P and PTH Concentrations on miR-145 Levels, Phenotypic Marker Expression and Calcification of the VSMCs


A7r5 exposure to progressive increments in P concentration (from 1 to 3.5 mM P) caused a P concentration-dependent decrease in the miR-145 levels (statistically significant from 2 mM P upwards, Figure 2A) and in α-actin gene expression (statistically significant from 3 mM P upwards, Figure 2B). The Ca content increase was statistically significant from 2 mM P upwards (Figure 2C). The expression of the osteogenic markers Runx2 and Osx significantly increased from 3 mM P upwards (Supplementary Figure S1A,B)



The supplementation with PTH had no effect on either miR-145 levels or α-actin expression (Supplementary Figure S2A,B). Only 3 mM P + 10−7 M PTH induced a significant increase in Ca content compared to 3 mM P + 0 PTH (Supplementary Figure S2C).




3.2.2. Time Course of miR-145 Levels, α-Actin Expression, and Calcification of the VSMCs Exposed to Standard and High P Concentration


Exposure of A7r5 cells to calcifying medium (3 mM P) resulted in a significant decrease in miR-145 expression (after 6 h of exposure), and in α-actin gene expression (after 36 h of exposure), compared both with non-calcifying medium conditions (Figure 3A,B). A7r5 cultured with calcifying medium showed a significant increase in Ca (after 48 h of exposure), compared to the non-calcifying medium (Figure 3C). miR-145 levels increased in a time-dependent manner in non-calcifying and calcifying medium, but after 36 h the miR-145 increase in the calcifying medium was significantly lower than in the non-calcifying medium (Figure 3D).




3.2.3. Effect of the miR-145 Silencing and Overexpression on the Phenotypic and Calcification Changes of VSMCs


The exposure of A7r5 cells to miR-145 antagomir reduced the miR-145 expression (Control 1.00 ± 0.23 R.U.; miR-145 antagomir 0.09 ± 0.03 R.U.), and the exposure to miR-145 mimic increased the miR-145 expression (Control 1.00 ± 0.23 R.U.; miR-145 mimic 84.00 ± 24.88 R.U.).



miR-145 silencing in non-calcifying medium induced a 23% reduction in α-actin expression without significant changes in Ca content (Figure 4A,B), and the miR-145 overexpression caused a 2.70-fold increase in α-actin expression without changes in the Ca content (Figure 4A,B). miR-145 silencing in calcifying medium did not change the α-actin expression and Ca content (compared to Mock 3 mM P, Figure 4A,B). miR-145 overexpression in calcifying medium, induced a 1.81-fold increase in α-actin expression, and partially prevented the increase in Ca content (compared to Mock 3 mM P, Figure 4A,B).






4. Discussion


The in vivo results of the present study showed that in rats with normal renal function fed a high P diet, a significant increase in serum P was observed despite a 103-fold increase in the fractional excretion of P, which nicely correlated with the significant serum PTH increase, but not with the minor and not significant FGF23 serum changes. These findings were associated to a significant decrease in the aortic α-actin expression, which paralleled the decrease in aortic and serum miR-145 levels, with no changes in the osteogenic markers. The in vitro results in VSMCs corroborated the in vivo findings. The increase in P reduced, in a concentration-dependent manner, miR-145 and α-actin expression. Furthermore, miR-145 overexpression significantly increased α-actin and partially prevented the increase in Ca content.



The intake of P has increased worldwide, but unfortunately a great part of this increment is mainly due to the increased consumption of processed foods [1,23]. The inorganic P is a cheap good food preservative; thus, it is one of the main components used in the production of several processed foods such as, carbonated soft drinks, breakfast cereals, cookies, pastries, processed cheeses, instant products, frozen meals, sausages and several types of foods [24,25,26]. Another recently identified source of hidden P is the excipients used in the preparation of pharmacological products [27]. The toxic effects of P in several organs were first observed in patients with CKD, in whom the kidney removal of P is insufficient, and as a result, P accumulates. However, more recently, studies in general populations without renal failure have drawn attention to the fact that minor P serum increments, even in the upper range of normal serum P, could be harmful for the cardiovascular system and it has been associated with a higher risk of mortality [28,29,30].



The in vivo results of the present study support the clinical-epidemiological findings observed in individuals without renal impairment. In fact, the HP group, fed with a 50% P excess diet (0.9 vs. 0.6% of P), showed a significant increase in serum P despite the remarkable kidney efforts to remove P, with an 100-fold increase in the fractional excretion of P, which was driven by the significant increase in PTH but not by FGF23. The observed dissociation between PTH and FGF23 levels suggests that with normal renal function, PTH is the main regulator of P excretion, and FGF23 may play a secondary role, in contrast with what would happen in the CKD setting. In normal conditions, serum P is maintained in a narrow range through the combined regulatory actions of PTH, FGF23 and 1,25 dihydroxyvitamin D3. In CKD, the progressive reduction of glomerular filtration rate triggers the main compensatory mechanisms that involves an early and highly significant increase in serum FGF23, before the increments in serum PTH are observed. The sequence and magnitude of changes in FGF23 and PTH observed in CKD seem to be different to what happens with normal renal function. The comparison between the kidney handling of P in CKD and in the presence of normal renal function is still a matter of debate; unfortunately, studies in healthy individuals or normal rats and mice are scarce.



A similar situation occurs with the link between dietary P intake and blood pressure, in which the results are still controversial. In our rat model, high P intake induced a slight increase in arterial blood pressure, but only the increase in DBP was statistically significant. By contrast, a similar study, using a rat model with normal renal function and high P intake, showed an increase in arterial blood pressure which was explained through the increments of renin mediated by the rise in PTH [31]. Similarly, in the Premiere study, a human randomized behavioral intervention study, a high P intake was associated with increased SBP and DBP [32]. In an attempt to explain these differences, a secondary analysis of the Premiere study suggested that the controversial results of the effect of P on blood pressure could be partly explained by the different sources of P (organic P—plant and animal foods, or inorganic P), which might exert differential effects in the association between P intake and blood pressure [32]. In fact, the absorption of P from food may vary according to its origin: ranging between 10–30% in the vegetables, 40–60% in the animal products and 90–100% in the processed foods [24].



High serum P has been also associated with increased vascular calcification, and most of this knowledge came from studies carried out in CKD patients or in experimental CKD [4,33,34]. A systematic metanalysis including 10 cross-sectional studies assessing the relation between serum P and vascular calcification in adult healthy population found significant associations in eight of them [9]. Previous results from our group in rats with a severe kidney insufficiency (7/8 nephrectomy) have shown that 18 weeks, and even less time, were sufficient to induce vascular calcification, in rats fed a high-P diet [21,35,36].However, in the present study rats with normal renal function fed a standard or high-P diet for 18 weeks did not show significant differences in vascular calcification, probably due to the fact that rats with normal renal function need a longer P exposure to obtain Ca and P accumulation in the aorta. However, it is relevant to stress that the calcification process occurs in several steps ending with Ca and P deposited in the arteries.



This step-by-step, pathophysiological process first requires the loss of the contractile phenotypes of the VSMCs; afterwards, the VSMCs change to osteogenic phenotypes, and finally the deposition of Ca and P. Thus, in the very early stages of this process, the first change expected is the loss of the VSMCs’ contractile properties which can be quantified by measuring α-actin, which represents 40% of the total cellular protein of VSMCs and conferres the contractile properties of the VSMCs [37]. In the present study carried out in rats with normal renal function, a significant reduction of the α-actin gene expression was found both in vivo and in vitro, suggesting the beginning of transdifferentiation process. Importantly, the in vitro findings suggest that the decrease of miR-145 probably preceded the α-actin reduction.



Recently, great interest has emerged in the study of miRs as regulators of several biological processes. Previous studies have shown the involvement of miRs in VSMCs transdifferentiation and vascular calcification processes [14,15,16]. Among them, miR-145 has been identified as the most abundant miR in normal arteries and isolated VSMCs, and it has been described that its expression is reduced in transdifferentiated VSMCs and injured arteries [20,38]. In addition, miR-145 has been able to drive the fate of pluripotent neural crest stem cells to VSMCs through the stimulation of the expression of numerous VSMCs differentiation markers, including α-actin, the marker used in the present study [19]. Previous studies in rats with CKD [21,39], showed severe arterial calcification and a decrease in the aortic and serum levels of miR-145, which paralleled the transdifferentiation of VSMCs and the decrease in α-actin expression. In addition, miR-145 inversely correlated with the Ca content and the severity of the vascular calcification in human arteries, positioning miR-145 as a good marker of vascular calcification [21].



The findings of the present study went a step forward and showed that the aortic and serum levels of miR-145 were the first phenotypic changes observed in the process of osteogenic transdifferentiation. This result has potential practical implications, because serum miR-145, which is easy to measure, showed a good correlation (r = 0.55, p = 0.012) with aortic miR-145 levels, giving the hope that in the future, measuring serum miR-145 levels may help to detect the initial steps of this complex process of vascular calcification.



It has been suggested that high P could decrease miR-145 expression in human VSMCs and in aortas from ApoE deficient mice [16,21,40,41]. It is described that miR-145 regulates α-actin targeting different genes and acting by diverse mechanisms in the different cell types. It is described that miR-145 targets Gut-enriched Krüppel-like factor (GKLF, also called KLF4) and KLF5 that repress α-actin [20,42]. Other studies showed that miR-145 interacts with different Serum Response Factor (SRF), creating complex feedback loops to modulate actin and other VSMCs contractile markers [43]. The in vitro experiments performed in our study confirmed that P decreased α-actin and miR-145 expression and increased VSMCs calcification in a concentration-dependent manner. The decrease in miR-145 expression seems to be an early phenomenon; in fact, after 6 h of exposure of VSMCs to high P, the reduction in miR-145 expression was the first change observed, followed by the decrease in the expression of α-actin and later by the increase in Ca content. Several studies suggest that miRs are secreted from the cells in a free form or into vesicles as exosomes, suggesting a new form of intercellular communication that could regulate the phenotype of remote cells or tissues [44]. miR-145 levels increased in the culture medium probably due to the release by VSMCs, and its accumulation its lower with high P treatment.



To identify the role of any molecule in biological systems, its silencing and overexpression can provide relevant information. In fact, it has been shown that miR-145 silencing induced osteogenic transdifferentiation reducing the expression of the contractile markers α-actin, calponin and smooth muscle myosin heavy chain in VSMCs, while its overexpression increased their expression [17,20]. Similarly, in the present study, miR-145 silencing decreased α-actin expression (regardless the amount of P). On the other hand, miR-145 overexpression stimulated α-actin expression (also regardless of the amount of P), associated with the reduction in the calcification induced by high P. These data strongly suggest that miR-145 is essential to maintain the vascular phenotype in VSMCs and might protect them against calcification.




5. Conclusions


In summary, our in vivo and in vitro studies showed that high P induced sequential changes in the VSMCs phenotype with an early decrease in the levels of miR-145 that triggers the decrease in α-actin expression, inducing the loss of the contractile phenotype. Fortunately, serum levels and aortic expression of miR-145 are strongly correlated, and even though more studies are needed, our findings suggest that miR-145 may be an early biomarker of vascular calcification, able to detect the early steps of the transdifferentiation process of the VSMCs.
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Figure 1. Aortic and serum miR-145 levels in rats fed a normal-P (NP) and high-P (HP) diet. Aortic (A) and serum (B) miR-145 levels. Correlation between aortic and serum miR-145 levels (C) and between aortic miR-145 levels and aortic α-actin gene expression (D). R.U. Relative units. Horizontal lines show the median. Black and grey spots represent rats fed normal-P diet (NP) and high-P diet (HP), respectively. ** p < 0.01 vs. NP group. 
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Figure 2. Effect of different P concentrations (from 1 to 3.5 mM) on A7r5 cells cultured for 72 h. miR-145 levels (A), α-actin gene expression (B) and Ca content (C). R.U. Relative units. Data represent median [interquartile range]. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. 1 mM P. 
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Figure 3. Time course (up to 72 h) of A7r5 cells exposed to a high concentration of P (3 mM). Intracellular miR-145 levels (A), α-actin gene expression (B), Ca content (C), miR-145 levels released into the culture medium (D). R.U. Relative units. Data represent mean ± standard deviation. Circles and dotted line represent the 1 mM P condition, whereas triangles and solid line represent the 3 mM P condition. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. its own control 1 mM P. 
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Figure 4. Effect of miR-145 silencing and overexpression on the phenotypic changes and calcification of A7r5 cells exposed to non-calcifying (1 mM P) and calcifying (3 mM P) medium. α-actin gene expression (A) and Ca content (B). R.U. Relative units. Data represent median [interquartile range]. White and grey boxes represent non-calcifying and calcifying medium, respectively. ** p < 0.01, *** p < 0.001 vs. its own control 1 mM P. ## p < 0.01, ### p < 0.001 vs. Control (Mock) 1 mM P. δδ p < 0.01, vs. Control (Mock) 3 mM P. 
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Table 1. Serum and urinary biochemical parameters in rats fed a normal-P diet, (NP, 0.6% P) and high-P diet (HP, 0.9% P). n, number of rats. Fractional excretion was calculated as [(urine molecule × serum creatinine)/(serum molecule × urine creatinine)] × 100. Data represent median [interquartile range]. Bold data represents significant differences.
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NP

	
HP

	
p




	
n

	
10

	
10

	






	
Serum P (mg/dL) (median [IQR])

	
3.98 [3.58, 4.18]

	
4.36 [4.12, 4.59]

	
0.023




	
Serum Ca (mg/dL) (median [IQR])

	
10.27 [10.06, 10.34]

	
10.17 [9.99, 10.31]

	
0.544




	
PTH (pg/mL) (median [IQR])

	
232.62 [171.18, 289.46]

	
459.62 [390.62, 618.39]

	
<0.001




	
FGF23 (pg/mL) (median [IQR])

	
55.55 [44.02, 124.57]

	
67.68 [40.96, 77.80]

	
0.796




	
Creatinine clearance (mL/min) (median [IQR])

	
3.00 [2.81, 3.25]

	
2.72 [2.20, 3.16]

	
0.151




	
Fractional Excretion of P (%) (median [IQR])

	
0.21 [0.09, 1.05]

	
21.77 [19.43, 24.77]

	
<0.001




	
Fractional Excretion of Ca (%) (median [IQR])

	
0.69 [0.54, 0.87]

	
0.25 [0.15, 0.30]

	
0.003
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Table 2. Cardiovascular parameters (blood pressure, heart hypertrophy and aortic calcification) in rats fed a normal-P diet, (NP, 0.6% P) and high-P diet (HP, 0.9% P). n, number of rats. R.U. Relative Units. Data represent median [interquartile range]. Bold data represents significant differences.
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NP

	
HP

	
p




	
n

	
10

	
10

	






	
Systolic Blood Pressure (mmHg) (median [IQR])

	
118.50 [116.34, 125.18]

	
125.39 [119.92, 129.14]

	
0.190




	
Diastolic Blood Pressure (mmHg) (median [IQR])

	
83.50 [78.63, 88.00]

	
93.86 [91.25, 98.54]

	
0.015




	
Heart weight (g)/Body weight (g) × 100 (median [IQR])

	
0.21 [0.20, 0.22]

	
0.21 [0.21, 0.21]

	
0.940




	
Aortic Calcium content (µg/mg protein) (median [IQR])

	
1.97 [1.39, 3.31]

	
4.88 [1.55, 6.49]

	
0.288




	
Aortas Von Kossa staining positive (%)

	
0

	
0

	




	
Aortic α-actin expression (R.U.) (median [IQR])

	
1.03 [0.76, 1.90]

	
0.44 [0.37, 0.56]

	
0.009




	
Aortic Runx2 expression (R.U.) (median [IQR])

	
0.79 [0.54, 1.34]

	
0.88 [0.66, 1.92]

	
0.485




	
Aortic Osx expression (R.U.) (median [IQR])

	
0.94 [0.40, 1.44]

	
1.71 [1.33, 1.94]

	
0.209
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