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Inorganic Phosphate Stimulates Fibronectin Expression in Renal Fibroblasts 

Chronic kidney disease (CKD) is a highly prevalent health problem with a rising incidence and a strong 
tendency for progression [1]. Increase in interstitial fibrosis of the kidneys is significantly associated 
with progression of CKD [2]. Elevated plasma phosphate levels have been shown to be an independent 
risk factor for accelerated decline in renal function in patients with chronic kidney disease (CKD) [3]. 
The benefit of a low phosphate diet in slowing progression of CKD has been shown in humans [4],
[5].However, the cellular and molecular mechanisms that mediate phosphate-dependent renal 
interstitial fibrosis have not been elucidated to date.The bulk of plasma inorganic phosphate (Pi) is 
filtered at the glomerulus and reabsorbed in the kidney proximal tubule [6]. Inorganic phosphate has 
been shown to be an important mediator capable of enhancing expression of pivotal genes that 
regulate complex cellular processes such as gene transcription, signal transduction and cell cycle 
regulation [7]. However, the signaling pathways induced by Pi in kidney fibroblasts and their role in 
stimulating fibrogenic molecules in kidney fibroblasts are unknown. 
Osterix is a novel zinc finger-containing transcription factor of the SP gene family, and high Pi levels 
have been shown to induce Osterix in other non-skeletal tissue, such as vascular smooth muscle cells 
in mice [8]. We hypothesized that high phosphate concentrations induce Osterix expression in kidney 
fibroblasts and stimulate the synthesis of the matrix protein fibronectin. One of the NFAT transcription 
factors, NFATc1 has been shown to form a transcriptional complex with osterix thus mediating the 
synthesis of bone matrix formation in osteoblasts [9]. A recent study showed that NFATc1 stimulates 
fibronectin synthesis through transcriptional activation in mesangial cells [10]. We therefore 
hypothesized that osterix and NFATc1 act synergistically to mediate phosphate-dependent synthesis of 
fibronectin in kidney fibroblasts. 

NRK-49F cells were treated with 1.25, 2.5 and 5.0 mM of phosphate (NaH2PO4 and Na2HPO4) for 30 
or 60 minutes in signaling experiments and for 48 hours in all other experiments. RT-PCR: Total RNA 
was isolated using an RNA extraction kit (Rneasy, Qiagen). First-strand cDNA synthesis was 
accomplished using a SuperScript First-Strand Synthesis System for RT-PCR (Invitrogen). Real-time 
PCR was performed using Power SYBR Green PCR. PCR amplifications were carried out using ABI 
7300 real-time cycler. Relative gene expression level (the amount of target, normalized to endogenous 
control gene) was calculated using the comparative Ct method formula 2-ΔΔCt. Western blot analysis: 
Lysate protein was separated by SDS-polyacrylamide gels and then electrophoretically transferred onto 
a PVDF membrane. The blots were visualized using ECL-Plus detection kit (Perkin Elmer). The blot 
images were quantitated by densitometry using the Image J analysis. The protein concentration was 
determined by Bradford method. Luciferase Reporter Assay: Cells were co-transfected with a 
fibronectin promoter driven luciferase construct and firefly luciferase reporter vector, using 
Lipofectamine 2000. Luciferase activity was measured using a Dual-Luciferase Reporter Assay System 
(Promega) and FarCyte Tecan Ultra Plate Reader (Pharmacia). Relative luciferase activity was 
calculated by normalizing the firefly luminescence as to the renilla luminescence. Cell extracts were 
treated with  IgG or Anti-NFATc1 antibody and the immune precipitates were collected using a Protein A 
agarose column. Total cell extract or immune precipitates were fractionated by electrophoresis on a 
10% SDS-polyacrylamide gel, blotted onto nitro cellular membranes (Bio-Rad), probed with anti-Osterix 
antibody (Abcam), and visualized with secondary antibody and chemiluminescence.  

In summary our results show that phosphate stimulates ERK1/2 and Akt1 signaling 
pathways, which activate the downstream transcription factors osterix and cfos, which 
through complex formation with NFATc1 mediate fibronectin synthesis in kidney fibroblasts. 
Figure 7 depicts the hypothetical model of phosphate-dependent stimulation of fibronectin 
synthesis. Understanding the cell mechanisms of phosphate-dependent fibronectin syn-
thesis in kidney fibroblasts will not only enhance our knowledge of progression of interstitial 
fibrosis, but will also lead to the development of future drugs to ameliorate this process. 
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Figure 1. (A) Fibronectin abundance was increased in renal fibroblast (NRK-49F cells) following 
exposure to 2.5 and 5.0 mM phosphate medium concentration. (B)Fibronectin mRNA increased by 
25% at 2.5 mM and 60% at 5 mM phosphate treatment. (C) Transfection of NRK-49F cells with a 
fibronectin promoter construct showed dose-dependent increase in FN promoter activity by 
phosphate treatment. *, p<0.05 compared to control medium. 

Figure 2. (A) Treatment of renal fibroblast with 2.5 and 5.0 mM phosphate stimulated ERK1/2 
and AKT1 phosphorylation. (B) Pretreatment of NRK 49f cells with ERK1/2 inhibitor UO126 inhibited 
the phosphate-dependent increase in fibronectin mRNA by 110% in the 2.5 mM Pi group and by 
45% in the 5.0 mM Pi group. *, p<0.05 compared to control medium. **, p<0.05 compared to same 
medium phosphate concentration but without UO126.   
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Figure 3. (A) The addition of phosphate to the culture medium increased osterix mRNA levels by 
40% at 2.5 mM and by 75% at 5 mM phosphate concentration. Treatment of NRK-49F cells with 
PI3K-Inhibitor Wortmannin (10µM) inhibited phosphate-dependent osterix mRNA increase 
completely at both the 2.5 and 5.0 mM phosphate medium concentrations. (B) Wortmannin 
treatment also completely inhibited phosphate-dependent fibronectin mRNA increases at both 2.5 
and 5.0 mM phosphate medium concentrations. *, p<0.05 compared to control medium. **, p<0.05 
compared to same medium phosphate concentration but without Wortmannin. 

Figure 5. (A) Phosphate concentration of 2.5 mM in culture medium increased c-fos mRNA by 
175% within 30 minutes, but had no effect on c-Jun mRNA levels. After 60 minutes of phosphate 
treatment, c-fos levels had returned back to control levels. (B) Exposure to 2.5 and 5.0 mM 
phosphate increased c-fos mRNA levels by 25% and 60% respectively. Transfection of NRK-49F 
cells with c-fos siRNA decreased the phosphate–induced increase of fibronectin mRNA completely. 
*, p<0.05 compared to 0 time point. **, p<0.05 compared to control medium. #, p<0.05 compared to 
same medium phosphate concentration but without c-fos siRNA transfection. 

Figure 4. (A) Exposure to 2.5 and 5.0 mM phosphate in cell culture medium increased the 
mRNA levels of osterix, a zink finger transcription factor, by 40% and 75% respectively in kidney 
fibroblasts. The mRNA levels of the transcription factor Msx2 increased by 39% at 2.5 mM 
phosphate, but only 10% at 5.0 mM phosphate medium concentration. (B) Transfection of the kidney 
fibroblast cell line with osterix siRNA completely inhibited the increase in fibronectin mRNA seen with 
2.5 mM phosphate treatment. *, p<0.05 compared to control medium. **, p<0.05 compared to same 
medium phosphate concentration but without Osterix siRNA transfection. 

AIMS 

In this study, we asked whether elevated culture medium phosphate levels stimulate the synthesis of 
interstitial matrix proteins such as fibronectin (FN) in kidney fibroblasts and which transcription factors 
and signaling pathways are activated by high phosphate treatment. Our results show that phosphate 
exposure activates ERK1/2 and Akt1 signaling pathways and stimulates the abundance and expression 
of the transcription factors NFATc1, c-fos and Osterix, which mediate fibronectin expression in a renal 
fibroblast cell line (NRK-49F).  
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Elevated plasma phosphate levels are signifcantly associated with progression of chronic kidney 
disease (CKD). Interstitial fibrosis is an important factor in the progression of CKD. In this study we 
investigate the role of inorganic phosphate in stimulating fibronectin (FN) synthesis in a kidney 
fibroblast cell line (NRK-49F). We find that phosphate increases FN abundance and message in a 
dose–dependent fashion and that both ERK1/2 and AKT are important signaling pathways that mediate 
phosphate-dependent FN expression in NRK-49F cells. Moreover phosphate srimulates the expression 
of the transcription factors osterix and NFATc1, which form complexes and mediate FN synthesis. 
Another transcription factor involved in phosphate-dependent FN synthesis is the AP1 family member 
c-Fos. In summary we show that even mildly elevated serum phosphate levels can induce synthesis of 
the interstitial matrix protein fibronectin through activation of ERK1/2 and AKT signaling pathways in 
kidney fibroblasts and that the synthesis of fibronectin is mediated by a transcriptional complex 
consisting of NFATc1, osterix and c-Fos. 

Figure 6. (A) Western blot shows an increase in NFATc1 abundance in nuclear extracts of kidney 
fibroblasts treated with 2.5 mM phosphate for 30 minutes, compared to controls. Exposure to 5 mM 
phosphate for 30 minutes increased NFATc1 abundance even further. No further increase of nuclear 
NFATc1 abundance was seen after 60 minutes of phosphate exposure. Cytoplasmic extracts did not show 
significant NFATc1 abundance over the same time period. (B) NFATc1 mRNA levels increased by 60% in 
the 2.5 mM phosphate group compared to controls. The ERK-inhibitor UO126 decreased the NFATc1 
mRNA stimulation completely. *, p<0.05 compared to control medium. (C) Immunoprecipitation of osterix 
with an anti-NFATc1 antibody from nuclear extracts showed increased abundance after 2.5 and 5.0 mM 
phosphate treatment. The cytoplasmic fraction showed decreased osterix abundance following the same 
treatment. *, p<0.05 compared to control medium. 

Figure 7. Signaling pathways and 
transcription factors involved in phosphate-
dependent fibronectin expression in NRK-49F 
fibroblasts. Arrows demonstrate stimulation.  
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