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                    Abstract

Background. In a previous study we demonstrated the inhibitory effect of 1,25-dihydroxyvitamin D (1,25(OH)2D3) and its less calcaemic analog 1,24(OH)2D2 on the production of tumour necrosis factor alpha (TNFα) by human peritoneal macrophages. The aim of the present study is to examine whether this vitamin D inhibition of TNFα is mediated by its major transcription factor, nuclear factor-κB (NFκB).
Methods. Murine macrophage cells (P388D1) were incubated with 10−7 M 1,25(OH)2D3 or 1,24(OH)2D2 and then stimulated with lipopolysaccharide. NFκB activity was assayed using a reporter gene and by electrophoretic mobility shift assay (EMSA). In addition, we evaluated mRNA and protein levels of NFκB-p65 and of IκBα, a potent NFκB inhibitor, and phosphorylated IκBα.
Results. Both 1,25(OH)2D3 and 1,24(OH)2D2 induced a 60% reduction of TNFα secretion. By using a reporter gene and EMSA we found that vitamin D markedly reduced NFκB activity. 1,25(OH)2D3 or 1,24(OH)2D2 decreased NFκB-p65 levels in the nucleus and increased NFκB-p65 levels in the cytosol; no changes were observed in the total levels of NFκB-p65 protein and mRNA. Concurrently, vitamin D induced a significant increase in mRNA and protein levels of IκBα (∼6.5- and 4.5-fold, respectively). Elevated levels of IκBα can be explained by the vitamin D-induced prolongation of IκBα-mRNA half-life from 110 to 190 min and by the decrease in IκBα phosphorylation.
Conclusions. Vitamin D up-regulates IκBα levels by increasing mRNA stability and decreasing IκBα phosphorylation. The increase in IκBα levels reduces nuclear translocation of NFκB and thereby downgrades its activity. Since NFκB is a major transcription factor of inflammatory mediators, these findings suggest that the less-calcaemic analog, 1,24(OH)2D2 may be effective as an anti-inflammatory therapeutic agent.
                    

IκBα, macrophages, NFκB, tumour necrosis factor alpha, vitamin D
                    Introduction

The active metabolite of vitamin D, 1,25-dihydroxyvitamin D (1,25(OH)2D3) can be produced not only by the kidney, but also by macrophages, including peritoneal macrophages, especially during inflammation [1]. Furthermore, it has been well established that the physiological role of 1,25(OH)2D3 is not limited to mineral and skeletal homeostasis, but that it also plays a role as an important immune response regulator at inflammatory sites [2]. In a previous study we demonstrated a dose-dependent inhibitory effect of 1,25(OH)2D3 and its less calcaemic analog 1,24(OH)2D2 on both tumour necrosis factor alpha (TNFα) mRNA and protein levels in lipopolysaccharide (LPS)-stimulated human peritoneal macrophages obtained from effluent dialysates of patients in end-stage renal disease undergoing continuous ambulatory peritoneal dialysis and by the murine macrophage cell line P388D1 [3,4]. TNFα is a major mediator of host response to pathogens, in that it initiates a powerful proinflammatory cascade which promotes massive recruitment of leukocytes at the infected site. However, excessive production of TNFα and protracted or over-activated inflammation are the hallmarks of systemic inflammatory response syndrome as well as inflammatory diseases such as Crohn's disease and rheumatoid arthritis. Therefore, regulation of TNFα production may have significant clinical importance [5,6].
The promoter region of the TNFα gene contains a complex array of potential regulatory elements. However, the role of these regulatory elements in transcriptional activation of the TNFα gene in human monocytes and macrophages remains unclear [7]. Transcriptional activation of the TNFα gene in macrophages has been demonstrated to be predominantly dependent on the transcription factor nuclear factor-κB (NFκB), which has four binding sites in the TNFα promoter [6,8].
NFκB is a major regulator of gene transcription involved in immune, inflammatory and stress responses. It consists of five proteins which tend to dimerize and are thus kept in the cytoplasm through interaction with IκBα inhibitory proteins. The most dominant protein in the NFκB family is the p65 protein and the best-characterized interaction is that of the transcriptionally active p65 with p50 which does not possess a transactivation domain [9]. NFκB is normally sequestered in the cytoplasm of non-stimulated cells and consequently must be translocated into the nucleus to function. The subcellular location of NFκB is controlled by a family of inhibitory proteins called IκBs [10]. One of the most important regulators of mammalian NFκB is IκBα. When IκBα binds to the p50/p65 heterodimer complex, it maintains the heterodimers in the cytoplasm and prevents activation of NFκB target gene transcription [10]. In response to cell stimulation, such as LPS, IκBα undergoes rapid phosphorylation leading to polyubiquitination and 26S proteasome-mediated degradation, allowing NFκB to translocate into the nucleus and to activate target genes [10]. Our aim in this study is to examine if the inhibitory effect of 1,25(OH)2D3 and 1,24(OH)2D2 on TNFα production in the macrophage cell line P388D1 is mediated through reduction of NFκB activity and to find a possible mechanism for the inhibitory effect. Since current anti-inflammatory therapeutic agents, such as steroids or anti-TNF antibodies, have significant side effects, therapeutic use of the less hypercalcaemic analog, 1,24(OH)2D2, as an anti-inflammatory agent may provide a breakthrough in pharmaceutical application [2].
                    Subjects and methods

                    Materials

1,25(OH)2D3 was kindly provided by Hoffman La-Roche, (Basel, Switzerland) and 1,24(OH)2D2 by Bone Care International Co. (Madison, WI, USA).
                    Methods

                    Incubation of cells

P388D1 cells, a murine macrophage cell line, were treated with 1,25(OH)2D3, (10−7 M) or 1,24(OH)2D2 (10−7 M) for 16 h in RPMI medium containing 2% FCS. Then they were exposed to 1 µg/ml of LPS (E. coli 055:B5 lipopolysaccharide LPS, Sigma), for 8 h for luciferase assay, 6 h for TNFα protein determination by ELISA, 2.5 h for NFκB and IκBα-mRNA determination by reverse transcriptase-polymerase chain reaction (RT-PCR) or for 0.5 h for NFκB and IκBα protein measurement by western blot and electrophoretic mobility shift assay (EMSA).
                    TNFα protein determination

TNFα protein levels were determined by ELISA (R&D Systems, Minneapolis, MN, USA).
                    Plasmid DNA purification system

We used the Wizard PureFection Plasmid DNA Purification System (Promega, Madison, WI, USA), which includes a proprietary endotoxin removal resin.
                    Transfection and luciferase assay

P388D1 cells were transfected by electroporation (350 V, 1500 μF, Easyject optima). With 1.5 µg of reporter plasmid pNFκB-Luc (Clontech, Palo Alto, CA), 5 × 106 cells were transfected. After transfection, cells were seeded into six-well plates (250 × 103/well). After 24 h of incubation, cells were treated with 1,25(OH)2D3 (10−7 M) or 1,24(OH)2D2 (10−7 M) for 16 h and activated with LPS (1 µg/ml) for an additional 8 h. Finally, the medium of each sample was collected and assayed for TNFα. Simultaneously, the cells were harvested for luciferase assay. Cells were lysed by lysis buffer (Promega) and one freeze–thaw cycle. Supernatants containing cell extracts were obtained after centrifugation for 5 min at 13 000 g and stored at −70°C. The assay to determine NFκB activity was performed for each sample by injecting 100 μl of substrate solution to 20 μl of cell extract by a luminometer. Luciferase activity was normalized by total protein concentration and variations in transfection efficiency.
                    Cell lysate preparation

P388D1 cells were treated with 1,25(OH)2D3 or 1,24(OH)2D2 as described previously, followed by stimulation with 1 µg/ml of LPS for an additional 0.5 h. After the stimulation period, whole-cell lysate, cytoplasmatic and nuclear extracts were obtained according to the procedure described by Jiang et al. [11]. The purity of the fractions was confirmed by western blot using an anti-actin (Oncogen, Boston, MA) which is specific for the cytosolic fraction and by an anti-PCNA (BD Biosciences, USA) a specific marker for the nuclear fraction. The lysis buffer we used contained in addition to a protease inhibitor mixture (Sigma-Aldrich, Rehovot, Israel) two phosphatase inhibitors (Na3VO4 and NaF).
                    EMSA

Nuclear extracts from P388D1 cells were prepared as described previously. The synthetic double-stranded oligonucleotide containing the NFκB binding sequence (in the HIV-LTR) was as follows: 5′-AAT TTC CCT GGA AAG TCC CCA GCG GAA AGT CCC TTG T-3′ [12]. The oligonucleotide and its complementary strand were annealed and end-labelled by T4 kinase-mediated phosphorylation reaction in the presence of [γ-32P] ATP. 100 000 cpm of a [γ-32P] end-labelled probe was incubated with 20 µg of nuclear protein extract for 30 min at room temperature in a total volume of 30 μl of reaction buffer (1 µg/μl of poly (dI-dC) (Sigma-Aldrich) 25 mM Hepes, pH 7.9, 100 mM NaCl, 333 mM urea, 10% glycerol, 0.33% NP-40, 1 mM DTT and 5 µg acetylated BSA). Competition studies were performed by incubating nuclear extracts with an excess (100-fold) unlabelled NFκB oligonucleotide for 15 min at room temperature, followed by 30 min incubation in the presence of the probe. In addition, we inhibited the binding of the NFκB-p65 protein by incubating the nuclear protein lysate for 60 min on ice with 1 μl of polyclonal competing antibody directed against p65 (anti-NFκB p65, CT Upstate Biotechnology, Charlottesville, VA, USA). Samples were subjected to electrophoresis on a 7% non-denaturating polyacrilamide gel at 4°C for 1.5 h. The gels were dried and exposed to X-ray film. To quantitate the amount of NFκB proteins specifically bound to the probe, the intensity of the bands was calculated using densitometric analysis.
                    Western blot

P388D1 cells were treated with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) for 16 h followed by an additional 0.5 h of incubation with LPS (1 µg/ml). At the end of the incubation period the cells were lysed and nucleus and cytosol fractions were prepared for the western blot procedure. The extracts were subjected to electrophoresis in SDS-PAGE 12.5% and transferred to a nitrocellulose membrane (Gellman, Italy). The primary antibodies used were the rabbit polyclonal antibodies of anti-IκBα (Santa Cruz, , CA, USA), and anti-NFκB-p65 (UBI-Upstate Biotechnology, NY, USA), at a 1/1000 dilution. To detect the phosphorylation of Ser32 of IκBα, anti-phosphoserine-IκBα monoclonal antibody was used (mouse monoclonal antibodies anti-phospho-Ser32-IκBα Santa Cruz) at a 1/1000 dilution.
                    NFκB and IκBα-mRNA analysis

NFκB-P65-mRNA and IκBα-mRNA were determined by RT-PCR of total RNA extracted from P388D1 cells. Cells were incubated as described above and total RNA was extracted from the cells with the RNeasy Mini Kit (Qiagen). For RNA decay analysis, cells were treated with or without 1,25(OH)2D3 and 1,24(OH)2D2 (10−7 M). Subsequently, actinomycin-D (Sigma) was added (1 µg/ml) and the cells were incubated for various lengths of time followed by RNA extraction.
                    NFκB and IκBα RT-PCR and real-time PCR

For cDNA generation, 13 μl of RNA sample was added to each 7 μl of reverse transcriptase reaction mixture, as described in [3]. cDNA was then amplified by PCR using specific primers (Table 1). To 45 μl of PCR reaction mixture (Ready Mix PCR Master Mix, ABgene, and Surrey, UK), 5 μl of reverse transcription product was added as per the protocol of the manufacturer. Thirty cycles for NFκB-p65, 25 cycles for IκBα and 25 cycles for β-actin were in the exponential phase of amplification in most of the experiments, thus permitting comparison of mRNA levels in different samples. On an agarose gel, 8 μl of each sample containing amplified cDNA were loaded as previously described [3]. NFκB-p65 and IκBα levels were normalized according to β-actin levels in order to compensate for differences in mRNA between the various samples. 
                    
Table 1.List of primers used for RT-PCR DNA amplification

 
	Gene
            . 	Primer sequence
            . 	Product size (bp)
            . 
	NFκB-P65	5′-ATGGACGATCTGTTTCCCCT-3′	602
		5′-CGGTTTACTCGGCAGATCTT-3′	
	IκBα	5′-GATGGCCTCAAGAAGGAGCGCT-3′	469
		5′-AGTGGAGATGCTGGGGTGTGCA-3′	
	β-actin	5′-GGTCTCAAACATGATCTGGG-3′	237
		5′-GGGTCAGAAGGATTCCTATG-3′	


	Gene
            . 	Primer sequence
            . 	Product size (bp)
            . 
	NFκB-P65	5′-ATGGACGATCTGTTTCCCCT-3′	602
		5′-CGGTTTACTCGGCAGATCTT-3′	
	IκBα	5′-GATGGCCTCAAGAAGGAGCGCT-3′	469
		5′-AGTGGAGATGCTGGGGTGTGCA-3′	
	β-actin	5′-GGTCTCAAACATGATCTGGG-3′	237
		5′-GGGTCAGAAGGATTCCTATG-3′	
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Quantitative real-time PCR assays were carried out for NFκB-p65, IκBα and β-actin. Templates (7 µl) were diluted 5-fold and then mixed with primers (0.2 mM) and Thermo-Start master mix (ABgene). SYBR green I dye (Amresco, Inc. USA) was added to the reaction mixture. Reactions were carried out in the Rotor-Gene Real-Time Analysis Software PCR machine (Corbett-Research). Standard cycling conditions for this instrument were used: 15 min initial denaturation at 95°C, then 40 cycles denaturation at 95°C for 15 or 20 s; annealing (the exact temperature was determined according to the primers) for 15 or 20 sec; extension at 72°C for 20 s. A melting curve was then sketched to ensure the purity of the amplified product.
The efficiency of the real-time PCR reactions was between 0.95 and 1.01.
                    Statistical analysis

Results are presented as mean±standard error of the mean (SE). ANOVA was used to compare TNFα, NFκB and IκBα levels between treatments. P-values below 0.05 were considered significant.
                    Results

                    1,25(OH)2D3 and 1,24(OH)2D2 decrease TNFα protein levels.

TNFα protein levels were examined in P388D1 cells media using a specific ELISA. Pre-incubation of P388D1 cells for 16 h with increasing concentrations (10−10–10−7 M) of 1,25(OH)2D3 or 1,24(OH)2D2 (not all concentrations are shown), followed by stimulation with LPS (1 µg/ml) for an additional 6 h, induced a statistically significant dose-related decrement in TNFα protein concentrations (Figure 1). TNFα secretion was downregulated significantly (29% inhibition, P<0.01) in the presence of a physiological concentration (10−10 M) of 1,25(OH)2D3 and reached a maximal effect (61% inhibition, P<0.001) with higher concentration of 10−8 M (data not shown) or 10−7 M of 1,25(OH)2D3/1,24(OH)2D2. 
                    
Fig. 1.
[image: Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 reduces TNFα protein secretion. P388D1 (1 × 106 cells/well) were incubated for 16 h with increased concentrations of 1,25(OH)2D3 or 1,24(OH)2D2 (10−10 to 10−7 M). This was followed by an additional 6 h of incubation with LPS (1 µg/ml). Supernatants were collected and subsequently assayed for TNFα protein levels by ELISA. The results are expressed as mean SE and represent three experiments performed in triplicate (***P<0.001, **P<0.01 vs LPS alone).]Open in new tabDownload slide

Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 reduces TNFα protein secretion. P388D1 (1 × 106 cells/well) were incubated for 16 h with increased concentrations of 1,25(OH)2D3 or 1,24(OH)2D2 (10−10 to 10−7 M). This was followed by an additional 6 h of incubation with LPS (1 µg/ml). Supernatants were collected and subsequently assayed for TNFα protein levels by ELISA. The results are expressed as mean SE and represent three experiments performed in triplicate (***P<0.001, **P<0.01 vs LPS alone).


                    1,25(OH)2D3 and 1,24(OH)2D2 inhibit NFκB activity.

To examine the effect of 1,25(OH)2D3 and 1,24(OH)2D2 on transcriptional activity of NFκB, we transiently transfected P388D1 cells with the pNFκB-Luc construct. pNFκB-Luc contains a firefly luciferase gene that is especially designed for monitoring the activation of the NFκB signal transduction pathway. Analysis of luciferase activity in cell extracts from transfected cells confirmed that stimulation of the cells with LPS results in an increase in NFκB-driven luciferase expression (Figure 2). In the presence of 1,25(OH)2D3 or 1,24(OH)2D2, however, the increase in luciferase activity was partially inhibited (Figure 2). Similar results were obtained in separate experiments. We also found a positive correlation between inhibition of NFκB activity and decrement in TNFα protein levels induced by 1,25(OH)2D3 and 1,24(OH)2D2, as described previously (Figure 1). 
                    
Fig. 2.
[image: Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 inhibits NFκB activity. P388D1 cells were transiently transfected with the NFκB plasmid containing the luciferase reporter gene (pNFκB-Luc). 24 h later the cells were treated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 and subsequently stimulated with LPS for an additional 8 h. Cell lysates were prepared, and luciferase activity present in 50 µg of cellular protein was measured. The results are expressed as mean±SE and represent three experiments performed in triplicate (***P<0.001, **P<0.01 vs LPS alone).]Open in new tabDownload slide

Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 inhibits NFκB activity. P388D1 cells were transiently transfected with the NFκB plasmid containing the luciferase reporter gene (pNFκB-Luc). 24 h later the cells were treated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 and subsequently stimulated with LPS for an additional 8 h. Cell lysates were prepared, and luciferase activity present in 50 µg of cellular protein was measured. The results are expressed as mean±SE and represent three experiments performed in triplicate (***P<0.001, **P<0.01 vs LPS alone).


The inhibitory effect of 1,25(OH)2D3 and 1,24(OH)2D2 on NFκB activity, as shown by luciferase analysis (Figure 2), was in accordance with the results obtained from EMSA (Figure 3). Nuclear extracts of P388D1 cells were incubated with end-labelled double stranded oligonucleotide possessing the NFκB consensus site. The nuclear extracts from the LPS-stimulated P388D1 cells yielded a large band in comparison to the unstimulated cells, and exhibited DNA binding activity to the NFκB site containing oligonucleotide (Figure 3). However, the nuclear extracts of P388D1 cells treated with 1,25(OH)2D3 or 1,24(OH)2D2 caused a marked reduction in DNA-protein complex binding activity, as evidenced by a decrease in the intensity of this band. 
                    
Fig. 3.
[image: Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 decreases NFκB DNA binding activity. Cells were incubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) and then activated with LPS (1 µg/ml) for an additional 0.5 h. Nuclear extracts (20 µg protein/lane) were incubated with [32P]-end-labelled dsDNA oligonucleotide possessing the NFκB consensus sequence, and then the ability of bound proteins to induce retarded mobility of the radiolabelled probe on polyacrilamide gel was tested. Binding specificity was tested using 100-fold excess of ‘cold’ DNA probe and nuclear proteins from the nuclear extracts of activated cells. In addition, nuclear proteins from the nuclear extracts of activated cells were incubated with a competitive inhibitory antibody directed against p65 protein or with an isotype control antibody. One representative experiment out of five is shown.]Open in new tabDownload slide

Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 decreases NFκB DNA binding activity. Cells were incubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) and then activated with LPS (1 µg/ml) for an additional 0.5 h. Nuclear extracts (20 µg protein/lane) were incubated with [32P]-end-labelled dsDNA oligonucleotide possessing the NFκB consensus sequence, and then the ability of bound proteins to induce retarded mobility of the radiolabelled probe on polyacrilamide gel was tested. Binding specificity was tested using 100-fold excess of ‘cold’ DNA probe and nuclear proteins from the nuclear extracts of activated cells. In addition, nuclear proteins from the nuclear extracts of activated cells were incubated with a competitive inhibitory antibody directed against p65 protein or with an isotype control antibody. One representative experiment out of five is shown.


A competing antibody directed against the NFκB subunit p65 blocked the binding of the nuclear extracts to the labelled oligonucleotide indicating the specificity of this assay. However, when cells were treated with an isotype-matched control antibody, the DNA-protein complex was not affected. The labelled oligonucleotide could be competed out by 100-fold excess of specific unlabelled ‘cold’ DNA probe.
                    Decrease in NFκB-p65 protein levels in the nuclear compartment by 1,25(OH)2D3 and 1,24(OH)2D2 is associated with induced expression in the cytosol

After demonstrating that 1,25(OH)2D3 and 1,24(OH)2D2 inhibit NFκB activity as measured by luciferase assay (Figure 2) and EMSA (Figure 3), we tried to elucidate the mechanism responsible for this down-regulation. We found that stimulation of the cells with LPS induced an increase in NFκB-p65 protein expression in the nucleus, while in the cytosol it decreased NFκB-p65 protein expression (Figure 4). On the other hand, treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 (with or without stimulation with LPS) decreased NFκB-p65 levels in the nucleus (Figure 4) and increased NFκB-p65 levels in the cytosol (Figure 4). NFκB-p65 levels in total lysate were not affected by 1,25(OH)2D3 and 1,24(OH)2D2 (Figure 4). Decreased NFκB-p65 translocation to the nuclear compartment, resulting from treatment with 1,25(OH)2D3 or 1,24(OH)2D2 was associated with increased levels of NFκB-p65 in the cytosol (Figure 4). Treatment of cells with 1,25(OH)2D3 or 1,24(OH)2D2 without LPS caused a similar effect in NFκB-p65 expression or localization, in comparison to LPS-unstimulated cells (Figure 4). 
                    
Fig. 4.
[image: Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 reduces NFκB-p65 in the nucleus and increases NFκB-p65 in the cytosol. P388D1 cells were preincubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) followed by activation with LPS (1 µg/ml) for an additional 0.5 h. Nuclear and cytosol extracts were prepared and western blot analysis was performed, using an anti-NFκB-p65 antibody. The results are expressed as mean±SE and represent three experiments performed in duplicate #P<0.05 vs no LPS, *P<0.05 vs LPS alone.]Open in new tabDownload slide

Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 reduces NFκB-p65 in the nucleus and increases NFκB-p65 in the cytosol. P388D1 cells were preincubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) followed by activation with LPS (1 µg/ml) for an additional 0.5 h. Nuclear and cytosol extracts were prepared and western blot analysis was performed, using an anti-NFκB-p65 antibody. The results are expressed as mean±SE and represent three experiments performed in duplicate #P<0.05 vs no LPS, *P<0.05 vs LPS alone.


                    1,25(OH)2D3 and 1,24(OH)2D2 do not affect NFκB-p65 mRNA levels.

To support the finding that NFκB-p65 protein levels did not change in the total lysate, when treated by 1,25(OH)2D3 and 1,24(OH)2D2 (Figure 4), we measured NFκB-p65 mRNA levels by using specific primers (Table 1). RT-real-time PCR and RT-PCR of total RNA from P388D1 cells yielded a band of mRNA for NFκB-p65 at the expected size of 602 bp (Figure 5). 1,25(OH)2D3 and 1,24(OH)2D2 had no effect on NFκB-p65 mRNA levels. 
                    
Fig. 5.
[image: Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 does not affect p65-mRNA levels. P388D1 cells were incubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) and then activated with LPS (1 µg/ml) for an additional 2.5 h. Subsequently, cells were lysed and RNA was extracted. RT-PCR was performed on total cell RNA, using specific primers for NFκB-p65. PCR products (at 30 cycles) were separated on 2% agarose gel containing ethidium bromide (lower panel). Results of real-time PCR analysis of NFκB-p65 mRNA levels were normalized to the levels of β-actin. The results are expressed as mean±SE and represent three experiments performed in triplicate.]Open in new tabDownload slide

Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 does not affect p65-mRNA levels. P388D1 cells were incubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) and then activated with LPS (1 µg/ml) for an additional 2.5 h. Subsequently, cells were lysed and RNA was extracted. RT-PCR was performed on total cell RNA, using specific primers for NFκB-p65. PCR products (at 30 cycles) were separated on 2% agarose gel containing ethidium bromide (lower panel). Results of real-time PCR analysis of NFκB-p65 mRNA levels were normalized to the levels of β-actin. The results are expressed as mean±SE and represent three experiments performed in triplicate.


                    1,25(OH)2D3 and 1,24(OH)2D2 increase IκBα protein levels.

Since we found no effect on total NFκB-p65 protein (Figure 4) and NFκB-p65 mRNA levels (Figure 5) in P388D1 cells treated with 1,25(OH)2D3 or 1,24(OH)2D2 we decided to investigate if the decrease in NFκB activity is associated with its inhibitor IκBα. We found that stimulation of P388D1 cells with LPS decreased IκBα protein levels in the cytosol, whereas 1,25(OH)2D3 and 1,24(OH)2D2 significantly increased IκBα protein levels (×4.5) (Figure 6). 
                    
Fig. 6.
[image: Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 increases cytosolic IκBα levels. Cells were incubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) and then stimulated with LPS (1 µg/ml) for an additional 0.5 h. Cytosol extract was prepared and IκBα levels were analysed by western blot analysis, using an anti-IκBα antibody. The results are expressed as mean±SE and represent three experiments performed in duplicate #P<0.05 or ##P<0.01 vs no LPS, ***P<0.001 vs LPS alone.]Open in new tabDownload slide

Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 increases cytosolic IκBα levels. Cells were incubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) and then stimulated with LPS (1 µg/ml) for an additional 0.5 h. Cytosol extract was prepared and IκBα levels were analysed by western blot analysis, using an anti-IκBα antibody. The results are expressed as mean±SE and represent three experiments performed in duplicate #P<0.05 or ##P<0.01 vs no LPS, ***P<0.001 vs LPS alone.


                    1,25(OH)2D3 and 1,24(OH)2D2 increase IκBα-mRNA levels.

To determine whether the induction of IκBα protein levels results from an increase in mRNA production, we analysed the effect of 1,25(OH)2D3 and 1,24(OH)2D2 on expression of IκBα-mRNA in P388D1 cells. RT-real-time PCR and RT-PCR were performed for IκBα-mRNA by using specific primers. As expected, the band for IκBα appeared at 469 bp (Figure 7). The densitometric evaluation expressed in Figure 7 indicates that IκBα-mRNA was significantly induced by 1,25(OH)2D3 and 1,24(OH)2D2. From Figure 7 we can speculate that one of the reasons for the increased expression of IκBα protein by 1,25(OH)2D3 and 1,24(OH)2D2 (Figure 6) is up-regulation of IκBα-mRNA levels. 
                    
Fig. 7.
[image: Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 increases IκBα-mRNA levels. Cells were incubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) and then stimulated with LPS (1 µg/ml) for an additional 2.5 h. RT-PCR was performed on total cell RNA using specific primers for IκBα. PCR products (at 25 cycles) were separated on 2% agarose gel containing ethidium bromide (lower panel). The upper panel depicts a quantitative real-time RT-PCR of IκBα. IκBα-mRNA levels were normalized to β-actin levels. The results are expressed as mean±SE and represent three experiments performed in triplicate ##P<0.01 vs no LPS, **P<0.01 vs LPS alone.]Open in new tabDownload slide

Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 increases IκBα-mRNA levels. Cells were incubated for 16 h with 1,25(OH)2D3 or 1,24(OH)2D2 (10−7 M) and then stimulated with LPS (1 µg/ml) for an additional 2.5 h. RT-PCR was performed on total cell RNA using specific primers for IκBα. PCR products (at 25 cycles) were separated on 2% agarose gel containing ethidium bromide (lower panel). The upper panel depicts a quantitative real-time RT-PCR of IκBα. IκBα-mRNA levels were normalized to β-actin levels. The results are expressed as mean±SE and represent three experiments performed in triplicate ##P<0.01 vs no LPS, **P<0.01 vs LPS alone.


                    1,25(OH)2D3 and 1,24(OH)2D2 increase IκBα-mRNA stability.

The effect of 1,25(OH)2D3 and 1,24(OH)2D2 on IκBα-mRNA stability was examined by a real-time PCR technique, using actinomycin D, an inhibitor of DNA-depended RNA synthesis. Figure 8 shows that 1,25(OH)2D3 and 1,24(OH)2D2 inhibit IκBα-mRNA degradation. The half-life of IκBα-mRNA increased from 110 to 190 min in the presence of 1,25(OH)2D3 or 1,24(OH)2D2, indicating that IκBα-mRNA is more stable in P388D1 cells treated with 1,25(OH)2D3 or 1,24(OH)2D2 than in untreated cells (Figure 8A, B). 
                    
Fig. 8.
[image: Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 increases IκBα-mRNA stability. Cells were treated with 1,25(OH)2D3 and 1,24(OH)2D2 (10−7 M) for 16 h. Then actinomycin-D (1 µg/ml) was added, and cells were incubated for various lengths of time followed by RNA extraction. IκBα-mRNA levels were determined by real-time PCR. (A) 1,25(OH)2D3 and (B) 1,24(OH)2D2 inhibit the degradation of IκBα-mRNA. IκBα-mRNA levels were normalized by β-actin levels. Results for each panel are the mean±SE of one representative experiment out of three performed in triplicate.]Open in new tabDownload slide

Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 increases IκBα-mRNA stability. Cells were treated with 1,25(OH)2D3 and 1,24(OH)2D2 (10−7 M) for 16 h. Then actinomycin-D (1 µg/ml) was added, and cells were incubated for various lengths of time followed by RNA extraction. IκBα-mRNA levels were determined by real-time PCR. (A) 1,25(OH)2D3 and (B) 1,24(OH)2D2 inhibit the degradation of IκBα-mRNA. IκBα-mRNA levels were normalized by β-actin levels. Results for each panel are the mean±SE of one representative experiment out of three performed in triplicate.


                    1,25(OH)2D3 and 1,24(OH)2D2 decrease IκBα phosphorylation.

1,25(OH)2D3 and 1,24(OH)2D2 augment the cellular content of IκBα protein (Figure 6) through an accumulation of IκBα-mRNA (Figure 7). Figure 8 shows that the induction of IκBα-mRNA caused by 1,25(OH)2D3 and 1,24(OH)2D2 results from increased IκBα-mRNA stability (Figure 8).
Numerous studies have reported a requirement for phosphorylation of IκBα on serine residues to target IκBα for ubiquitination and degradation. Therefore, another possible reason for the increase in IκBα protein levels by 1,25(OH)2D3 and 1,24(OH)2D2 may be inhibition of IκBα protein degradation. We next asked whether vitamin D affects the activity of IκB Kinase (IKK). IKK phosphorylates IκBα and targets its protein for ubiquitination and degradation by the 26S proteasome. The effect of vitamin D on the activity of IKK was examined by measuring the levels of phospho-IκBα at serine residues by western blot analysis, using an anti-phospho-IκBα antibody. Figure 9 shows that stimulation with LPS caused a slight increase in phosphorylation of IκBα protein while 1,25(OH)2D3 and 1,24(OH)2D2 induced a decrease in IκBα phosphorylation (Figure 9). Since phospho-IκBα levels are dependent on IKK-complex activity and on total IκBα levels, the values of phospho-IκBα were calculated for each treatment by the ratios of phospho-IκBα/total IκBα in order to compensate for differences in the amount of phospho-IκBα caused by its degradation (Figure 9). 
                    
Fig. 9.
[image: Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 reduces phosphorylation of IκBα. Cells were treated with 1,25(OH)2D3 or 1,24(OH)2D2 for 16 h. This was followed by an additional 0.5 h of incubation with LPS (1 µg/ml). Cells were lysed and cytosol and total extracts of P388D1 cells were prepared, proteins were separated by SDS-PAGE and western blot analysis was carried out using an anti phospho−IκBα antibody. Qantitative evaluations of western blot analysis were performed by densitometric analysis, and the ratios of phospho-IκBα/IκBα were calculated. The results represent the mean±SE of three experiments #P<0.05 vs no LPS, *P<0.05 vs LPS alone.]Open in new tabDownload slide

Treatment of P388D1 cells with 1,25(OH)2D3 or 1,24(OH)2D2 reduces phosphorylation of IκBα. Cells were treated with 1,25(OH)2D3 or 1,24(OH)2D2 for 16 h. This was followed by an additional 0.5 h of incubation with LPS (1 µg/ml). Cells were lysed and cytosol and total extracts of P388D1 cells were prepared, proteins were separated by SDS-PAGE and western blot analysis was carried out using an anti phospho−IκBα antibody. Qantitative evaluations of western blot analysis were performed by densitometric analysis, and the ratios of phospho-IκBα/IκBα were calculated. The results represent the mean±SE of three experiments #P<0.05 vs no LPS, *P<0.05 vs LPS alone.


                    Discussion

Similar to our findings from a previous investigation, [3,4], in our present study we showed that overnight incubation of peritoneal macrophages (16 h) with 1,25(OH)2D3 or 1,24(OH)2D2 significantly inhibited the secretion of TNFα in the murine macrophage cell line P388D1 in a dose-dependent manner. Given the methods we used in our experiments, activities such as cultivating large amounts of cells for western blot analysis or performing a transfection assay, were difficult to perform with human macrophages, and we were obliged to use a cell line. Since our findings showed that vitamin D had the same inhibitory effect on TNFα-mRNA and proteins levels in both peritoneal macrophages and P388D1 cells, we decided to use the P388D1 cells for our experiments. Following exposure to physiological levels of vitamin D (10−10 M), TNFα secretion was inhibited by 29%, this inhibition strengthening to as much as 61% at 10−7 M. Since peritoneal macrophages are able to metabolize 25-OH-D3 to its active metabolite 1,25(OH)2D3 [1], it is possible that in the microenvironment of the peritoneum the active concentrations of 1,25(OH)2D3 are higher than serum levels causing the inhibitory effect of vitamin D to be more profound.
The present study was aimed at exploring the mechanism underlying the inhibitory effect on TNFα and determining whether this effect is mediated by the activity of its major transcription factor, NFκB. We illustrated the inhibitory effect of 1,25(OH)2D3 and 1,24(OH)2D2 on LPS-induced NFκB activity by EMSA and by a promoter activity assay using luciferase as a reporter gene. Both assays clearly indicated that nuclei of vitamin D-treated cells stimulated with LPS contain less NFκB DNA-binding activity than untreated cells. We then tested whether the reduced LPS-induced NFκB activity was the result of a decrease in NFκB cellular content or of a rise in the cytosolic levels of its inhibitor IκBα. We found that vitamin D had no effect on total protein or mRNA levels of NFκB-p65 but did increase cytoplasmic NFκB-p65 levels and decreased NFκB-p65 levels in the nuclear portion of this transcription factor.
Inhibition of TNFα required a long incubation period with vitamin D suggesting that the inhibitory mechanism involves a synthesis or degradation of protein(s). Indeed the levels of IκBα which is responsible for retention of NFκB in the cytoplasm were upregulated in treated cells. 1,25(OH)2D3 and 1,24(OH)2D2 induced an increase of ∼6.5-fold in the levels of IκBα-mRNA and 4.5-fold in its protein levels. To elucidate the mechanism of IκBα upregulation, we tested whether the increase in IκBα levels is caused by changes in IκBα-mRNA stability and/or IκBα protein phosphorylation levels. IκBα-mRNA was found to be more stable in P388D1 cells treated with 1,25(OH)2D3 or 1,24(OH)2D2 (IκBα-mRNA half-life was prolonged from 110 to 190 min), indicating that these agents impede IκBα-mRNA degradation. We also found that vitamin D markedly reduced the basal and LPS-induced phosphorylation of IκBα. Since phosphorylation is the first step in marking IκBα for ubiquitination, the decrease in IκBα phosphorylation probably reduces its degradation. Hence, we can conclude that 1,25(OH)2D3 and 1,24(OH)2D2 upregulate IκBα levels through a dual mechanism, namely stabilization of mRNA and reduction of phosphorylation.
The main significance of our present investigation is that we succeeded in revealing a possible mechanism for the inhibition of TNFα by 1,25(OH)2D3 and 1,24(OH)2D2 in macrophages. This mechanism is mediated through NFκB, the major transcription factor of TNFα. NFκB regulates both the production of TNFα by mononuclear cells stimulated by LPS and the response of cells targeted by TNFα. To the best of our knowledge, this is the first time that the anti-inflammatory mechanism activity of the less calcaemic analog 1,24(OH)2D2 has been reported in the literature and raises its potentialities as an effective drug in combating inflammatory diseases.
Similar to our findings, other studies have shown that 1,25(OH)2D3 suppresses NFκB activity in a variety of cells. In melanoma cells, suppressed NFκB activity was associated with inhibition of IL-8 production [13], and in monocytic cells with decreased production of IL-12 and mRNA expression of IL-12 p35 and p40 subunits [14] and decreased production of chemokines by pancreatic islets [15]. In T-lymphocytes and peripheral blood mononuclear cells, the suppressive effect of 1,25(OH)2D3 on NFκB activity was associated with reduced cellular content of NFκB proteins. The suppressive effect of vitamin D on NFκB, therefore, would appear to be a general effect that occurs in various cell types and affects various inflammatory and immune processes. Furthermore, 1,25(OH)2D3 was demonstrated to suppress another transcription factor, NFATp/AP-1 which is involved in the biological activities of cytokines. 1,25(OH)2D3 represses IL-2 gene by a direct inhibition of VDR-dependent NFATp/AP-1 complex formation [16].
Similar to the effect of vitamin D, corticosteroids also decrease NFκB activity, at least partly, by up-regulating IκBα levels [17, 18]. In previous studies, we and others have shown that 1,25(OH)2D3 stimulates the killing capacity of macrophages, an effect mediated by an enhanced production of superoxide [19]. Other studies have also found that immunosuppression is caused by downregulation of the pro-inflammatory cytokine effector-TNFα by 1,25(OH)2D3. This diversity of anti-inflammatory effects of 1,25(OH)2D3 shows it to be an important immune response regulator at inflammatory sites. Recent reports on the successful use of 1,25(OH)2D3 as an anti-inflammatory agent in transplantations strengthen this hypothesis [20].
Although the present results suggest the therapeutic possibilities of 1,25(OH)2D3 as an anti-inflammatory agent, its clinical use is restricted because of its hypercalcaemic activity [2]. In previous in vitro studies we demonstrated the anti-inflammatory activity of vitamin D2 analog, 1,24(OH)2D2 and found it to be equipotential to that of 1,25(OH)2D3 [3, 4]. The present study confirmed that both agents are equipotential and share the same mechanism of NFκB inhibition. Since 1,24(OH)2D2 has a less calcaemic effect than 1,25(OH)2D3, its use as an anti-inflammatory agent may have clinical significance and deserves further investigation in order to validate our findings.
In conclusion, this study has demonstrated that 1,25(OH)2D3 and 1,24(OH)2D2 trigger the rise in IκBα protein and mRNA levels, as a result of stabilizing IκBα-mRNA and reducing IκBα phosphorylation. Elevated IκBα levels following overnight vitamin D treatment reduce the response to LPS by diminishing the amount of NFκB translocated to the nucleus. Since NFκB is needed for effective transcription of inflammatory genes, its reduced levels following vitamin D treatment is probably the cause of the inhibition of inflammatory genes such as TNFα.
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