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Abstract
Plasminogen activator inhibitor (PAI)-1 is a major fibrinolytic inhibitor. High PAI-1 is associated
with increased renal and cardiovascular disease risk. Previous studies demonstrated PAI-1 down-
regulation by 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), but the molecular mechanism remains
unknown. Here we show that exposure of mouse embryonic fibroblasts to TNFα or LPS led to a
marked induction of PAI-1, which was blunted by 1,25(OH)2D3, NF-κB inhibitor or p65 siRNA,
suggesting the involvement of NF-κB in 1,25(OH)2D3-induced repression. In mouse Pai-1
promoter a putative cis-κB element was identified at −299. EMSA and ChIP assays showed that
TNF-α increased p65/p50 binding to this κB site, which was disrupted by 1,25(OH)2D3.
Luciferase reporter assays showed that PAI-1 promoter activity was induced by TNFα or LPS, and
the induction was blocked by 1,25(OH)2D3. Mutation of the κB site blunted TNFα, LPS or
1,25(OH)2D3 effects. 1,25(OH)2D3 blocked IκBα degradation and arrested p50/p65 nuclear
translocation. In mice LPS stimulated PAI-1 expression in the heart and macrophages, and the
stimulation was blunted by pre-treatment with a vitamin D analog. Together these data
demonstrate that 1,25(OH)2D3 down-regulates PAI-1 by blocking NF-κB activation. Inhibition of
PAI-1 production may contribute to the reno- and cardio-protective effects of vitamin D.
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Introduction
Plasminogen activator inhibitor-1 (PAI-1), a 50 kDa glycoprotein, is the principal inhibitor
of tissue-type plasminogen activators (t-PAs) and urokinase-type plasminogen activators (u-
PAs), which convert inactive plasminogen to active plasmin. Plasmin is a serine protease
and involved in the degradation of clot fibrin and extracellular matrix. Elevated plasma
PAI-1 levels are associated with and contribute to thrombotic diseases including
hyperthrombosis and myocardial infarction as well as fibrotic disorders such as
atherosclerosis, pulmonary fibrosis and nephropathy [1,2], thus PAI-1 has long been
considered an important therapeutic target. PAI-1 is produced by a broad range of cell types,
including hepatocytes, glomerular mesangial cells, tubular epithelial cells, fibroblasts,
vascular endothelial cells, smooth muscle cells, macrophages and adipocytes. Under normal
conditions, PAI-1 is present in plasma at very low concentrations. High levels of PAI-1 are
caused by a number of mechanisms, including stimulation by pro-fibrotic factors such as
transforming growth factor β (TGFβ) [3] and inflammatory factors such as tumor necrosis
factor α (TNFα), interleukin-1 β (IL-1β) and lipopolysaccharide (LPS) [4–8]. PAI-1 is thus
considered as an inflammatory response gene. Given the important contribution of
inflammation to the development of chronic renal and cardiovascular diseases [9–14],
inflammatory stimulation of PAI-1 has important pathological implications. The mechanism
underlying the inflammatory regulation of PAI-1, however, remains poorly defined.

1,25-dihydroxyvitamin D3 [1,25(OH)2D3], the hormonal metabolite of vitamin D, is a
pleiotropic hormone that exerts its actions by activating the vitamin D receptor (VDR), a
member of the nuclear receptor superfamily [15]. Vitamin D-deficiency is now recognized
as a global health issue with adverse consequences [16]. Accumulating epidemiological and
clinical evidence has demonstrated an association of vitamin D-deficiency with increased
risk of renal and cardiovascular diseases. For example, in patients with chronic kidney
disease (CKD), vitamin D-deficiency is an independent risk factor for cardiovascular disease
[17]. In hypertensive patients, low serum vitamin D levels markedly increase the risk of
cardiovascular disease [18]. Vitamin D therapy reduces mortality in CKD patients including
cardiovascular mortality and infectious mortality [19,20]. The molecular basis of these
observations remains to be defined, but given the crucial role of PAI-1 in the development
of renal and cardiovascular disorders, there is a good possibility for vitamin D to target
PAI-1 in its renal and cardiovascular protection. Indeed, several previous studies have
reported regulatory effects of vitamin D on PAI-1 production in a number of cell types. For
example, 1,25(OH)2D3 was shown to enhance plasminogen activator activity and decrease
PAI-1 production in rat calvarial osteoblast-like cells and osteogenic sarcoma cells [21].
Activated vitamin D analogs were reported to suppress PAI-1 in human coronary artery
smooth muscle cells [22,23]. While these observations appear to be important, the
mechanism underlying vitamin D repression of PAI-1 remains to be defined.

In this study, we investigated the mechanism whereby 1,25(OH)2D3 counters the induction
of PAI-1 by TNFα and LPS in mouse embryonic fibroblasts (MEFs). We identified a
functional cis-κB element in the proximal promoter of the mouse pai-1 gene that mediates
the up-regulation of PAI-1 by TNFα and LPS. We further demonstrated that 1,25(OH)2D3
down-regulates PAI-1 expression via targeting the NF-κB activation pathway.

Materials and Methods
Cell culture

MEFs were isolated from 13.5-day old VDR(+/−) and VDR(−/−) mouse embryos as
described previously [24]. VDR(+/−) and VDR(−/−) MEFs were cultured in DMEM
supplemented with 10% FBS. For most experiments, the cells were pretreated for 24 hours
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with 20 nM 1,25(OH)2D3 before being stimulated with either TNFα (20 ng/ml) or LPS (100
ng/ml). MEFs used in the experiments are VDR(+/−) unless otherwise stated. Detailed
experimental conditions are described in figure legends.

RT-PCR
Total cellular RNAs were extracted using TRIzol reagent (Invitrogen). First-strand cDNAs
were synthesized from total RNAs using MML-V reverse transcriptase (Invitrogen) and
hexanucleotide random primers. The cDNAs were used as templates for PCR amplifications
with the following primers. PAI-1: 5′TCATCCTGCCTAAGTTCTCTCT3′ (forward), and
5′GCTCTTGGTCGGAAAGACTT3′ (reverse); and p65:
5′CAGGCAGAGTGACTTCATGG3′ (forward) and 5′GCTCGTGAGAACTGCTGCTA3′
(reverse). The internal control for the PCR reaction was β2-microglobulin (B2M) with
primers 5′ACCGGCCTGTATGCTATCCAGAAA3′ (forward) and
5′ATTTCAATGTGAGGCGGGTGGAAC3′ (reverse).

Western blotting
Proteins were separated by SDS-PAGE and transferred onto Immobilon membranes.
Western blotting was carried out as previously described [25], using antibodies against
PAI-1 or IκBα (Santa Cruz Biotechnologies).

Immunostaining
VDR(+/−) and VDR(−/−) MEFs (grown on cover slips) pretreated with 20 nM
1,25(OH)2D3 overnight were stimulated with TNFα for 30 min. The cells were fixed with
4% paraformaldehyde for 30 min and stained with anti-p65 antibody as described [26]. Cell
nuclei were stained with DAPI (4′-6-diamidino-2-phenylindol).

Northern Blot
Northern blot analyses were performed as described previously [27] with 32P-labelled PAI-1
cDNA as hybridization probe.

PAI-1 promoter constructs and luciferase reporter assays
The 5′ upstream region from −362 to +10 in the mouse pai-1 gene was amplified by PCR
using primers 5′ATGGCTGTCTCCAAAAAAAG3′ (forward) and
5′CGGACGCGTAGCCTGATCCAGCTGTGCT3′ (reverse), and cloned into pGL3 basic
vector (Promega) to generate reporter plasmid pGL-Pai-Luc. Reporter plasmid pGL-Pai-m-
Luc carrying mutations at the −299 κB site (mutated from 5′GGGAATTCCA3′ to
5′GGGcAcTCCA3′) was generated using the RapidChange mutagenesis kit (Stratagene).
Mutations were confirmed by DNA sequencing. Cells were transfected using Lipofectamine
2000 (Invitrogen) in serum free media with pGL-Pai-Luc, pGL-Pai-m-Luc or pNF-κB-Luc
(Promega) as indicated in the experiment. Twenty-four hours after transfection the cells
were exposed to 20 ng/ml TNFα or 100 ng/ml LPS in the presence or absence of 20 nM
1,25(OH)2D3 for 24 hours. The cells were lysed and luciferase activity determined using
Luciferase Assay Systems (Promega) as reported previously [28].

Electrophoretic mobility shift assays (EMSA)
Nuclear extract preparations and EMSA were performed as described previously [28].
Confluent MEFs were stimulated with 20 ng/ml TNFα for 2 hours in the presence or
absence of 20 nM 1,25(OH)2D3 for 24 hours. Nuclear extracts were prepared from MEFs
following an established method described previously [28]. For EMSA, 5 μg of nuclear
extracts were incubated with 5×106 cpm of 32P-labeled −299 κ B probe
(5′AGGAAGGGAATTCCAAACAC3′; underlined is the core NF-κB binding site) at room
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temperature for 20 minutes. The specificity of protein-DNA interaction was confirmed by
competition with an excess amount of unlabeled probes of the same sequence, the canonical
κB probe (designated as κ Bc, (5′AGTTGAGGGGCATTTCCCAGGC3′, Santa Cruz
Biotechnology), or the mutated probe −299κBmut (5′AGGAAGGGcAcTCCAAACAC3′).
The presence of p65 or p50 in the DNA-protein complex was confirmed with antibody
supershift assays using anti-p65 or anti-p50 antibody (Santa Cruz Biotechnology).

Chromatin immunoprecipitation (ChIP) assays
ChIP assays were carried out as described previously [28] using a commercial kit from
Upstate Biotechnology (Lake Placid, NY). Briefly, MEFs were pretreated with or without 20
nM 1,25(OH)2D3 in serum-free media for 24 hours, and then stimulated with TNFα for 30
minutes. After treatment with 1% formaldehyde to cross-link histones to DNA, cells were
lysed and sonicated to shear the chromatins. The sonicated chromatins were incubated with
anti-p65 antibody or anti-p50 antibody and the chromatin-antibody complex was
precipitated with protein-A-agarose beads. The DNA isolated from the complex was
subjected to PCR amplification using the following primers flanking the −299κB site in the
pai-1 gene promoter: 5′ATGGCTGTCTCCAAAAAAAG3′ (forward) and
5′GTGTGTGTACGTGTGAAAGG3′ (reverse). The PCR products were visualized by
electrophoresis on a 1.5% agarose gel stained with ethidium bromide.

Animal studies
Two-months old C57BL/6 mice were injected i.p. with vehicle or paricalcitol (19-nor-1,25-
dihydroxyvitamin D2, Abbott Laboratories, Abbott Park, IL, USA) at 300 ng/kg (dissolved
in propylene glycol:water:ethanol =60:30:10) daily for 2 weeks. After the last paricalcitol
treatment, the mice were treated with LPS at 15 mg/kg by i.p. injection, and the mice were
killed after 18 hours for tissue harvest. Total RNAs were extract from the left ventricle of
the heart and peritoneal macrophages, and total cell lysates were prepared from the aorta.
PAI-1 mRNA transcript and protein levels were determined by Northern and Western
blottings. The animal studies were approved by the Institutional Animal Care and Use
Committee at The University of Chicago.

Statistical analysis
Data values are presented as means ± SEM. Statistical comparisons were carried out using
unpaired two-tailed Student’s t-test or AVOVA as appropriate, with P< 0.05 being
considered statistically significant.

Results
We used MEFs as a model system to investigate the mechanism whereby 1,25(OH)2D3
regulates PAI-1 expression. As shown in Figure 1, when MEFs were treated with TNF-α or
LPS for 8 hours, PAI-1 mRNA was markedly induced, and the induction was blocked when
the cells were pre-treated with 20 nM 1,25(OH)2D3 (Fig. 1A). Time course studies showed
that TNF-α induced PAI-1 mRNA within 2 hours, and the induction peaked in 4 to 6 hours,
but was dramatically attenuated in the presence of 1,25(OH)2D3 (Fig. 1B). However,
1,25(OH)2D3 failed to suppress the induction of PAI-1 mRNA by TNF-α in VDR(−/−)
MEFs (Fig. 1C and D). Western blot analyses confirmed that the time-dependent induction
of PAI-1 protein by TNF-α was blocked in the presence of 1,25(OH)2D3 in VDR(+/−)
MEFs, but not in VDR(−/−) MEFs (Fig. 1E). These results demonstrate that 1,25(OH)2D3
suppresses the induction of PAI-1 expression in a VDR-dependent manner.

It is well known that both LPS and TNF-α can induce NF-κB activity [29,30]. To test
whether the induction of PAI-1 in MEFs was mediated by NF-κB, we stimulated PAI-1 with
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TNF-α in the presence of NF-κB-specific inhibitor Bay 11-7082. As shown in Figure 2, Bay
11-7082 completely blocked the induction of PAI-1 and IL-6 (Fig. 2A). The latter is known
to be regulated by NF-κB [31], a family of transcription factors that play an essential role in
innate and adaptive immune responses [29]. The NF-κB transcription factors are homo- or
heterodimers formed by five proteins including NF-κB1 (p105/p50), NF-κB2 (p100/p52),
RelA (p65), RelB and c-Rel. NF-κB dimers bind to specific DNA sequence (cis-κB element)
in gene promoters to regulate gene transcription [29,30]. When MEFs were transfected with
p65-specific siRNA to silence p65 (p65 mRNA was undetectable), LPS failed to induce
PAI-1, in contrast to MEFs transfected with a scramble control siRNA (Fig. 2B). These
results demonstrate that NF-κB is likely to mediate the induction of PAI-1 by TNF-α or LPS
in MEFs, and predict a cis-κB element in the pai-1 gene promoter.

We carried out an in silico survey of the mouse pai-1 gene promoter and identified a
putative κB element 5′GGGAATTCCA3′ at −299 (Fig. 2C), which shares a high degree of
homology to the conserved κB site (GGGAMTTYCC). We have previously shown that
1,25(OH)2D3 is able to suppress NF-κB activity in MEFs and other cell types [24,26,32].
Therefore, we addressed whether 1,25(OH)2D3 suppresses PAI-1 induction by blocking NF-
κB interaction with the pai-1 gene promoter. ChIP assays showed that TNF-α markedly
induced p65 or p50 binding to the −299 κB site in pai-1 gene promoter in MEFs; however,
in the presence of 20 nM 1,25(OH)2D3, p65 or p50 binding was markedly attenuated to the
baseline levels (Fig. 2D). These results confirmed the repressive effect 1,25(OH)2D3 on NF-
κB binding to the pai-1 gene promoter in MEFs.

We further performed EMSAs to confirm the binding of NF-κB to the −299 κB site of the
pai-1 promoter, using a 32P-labelled double-stranded probe corresponding to this κB site and
its flanking sequence. As shown in Figure 3, like the canonical κB probe
(5′GGGGCATTTCCC3′, designated as κBc, Fig. 3A, lanes 1–4), the −299κB probe formed
a complex with nuclear proteins in MEF nuclear extracts (Fig. 3A, lane 6), and this complex
was competed off by an excess amount of unlabelled −299 κB probe (Fig. 3A, lanes 7 and
8) or unlabelled canonical κBc probe (Fig. 3A, lanes 11 and 12), but not by a mutant −299
κB probe bearing mutations at the core κB site (Fig. 3A, lanes 9 and 10). The formation of
this DNA-protein complex was induced by TNF-α, but the induction was inhibited in the
presence of 1,25(OH)2D3 (Fig. 3B). Furthermore, the DNA-protein complex was recognized
by antibodies against p65 or p50, leading to formation of supershifted bands (Fig. 3C). This
confirmed the binding of p65/p50 NF-κB heterodimers to this cis-DNA site. Together, these
data demonstrate that the −299 κB site in the pai-1 gene promoter interacts with p65 and
p50, and the interaction can be disrupted by 1,25(OH)2D3. Therefore 1,25(OH)2D3 blunts
PAI-1 induction by blocking the NF-κB binding activity.

We then used luciferase reporter assays to determine the effects of vitamin D on NF-κB
activity. When VDR(+/−) MEFs were transfected with standard pGL-κB-Luc reporter that
contains a canonical κB element, luciferase activity was induced by TNF-α, and the
induction was markedly suppressed by 1,25(OH)2D3; however, as expected, 1,25(OH)2D3
suppression was not seen in VDR(−/−) MEFs (Fig. 4A). TNFα stimulation quickly
promoted p65 nuclear translocation in both VDR(+/−) and VDR(−/−) MEFs, and the
nuclear translocation was blocked by 1,25(OH)2D3 in VDR(+/−) cells, but not in VDR(−/−)
cells (Fig. 4B). IκBα is known to complex with p50/p65 in the cytoplasm, and IκBα
degradation is required for p50/p65 nuclear translocation [29]. As expected, TNFα promoted
IκBα degradation and quickly reduced the protein levels of IκBα in MEFs; however, the
TNFα-induced IκBα degradation was markedly diminished with 1,25(OH)2D3 pre-treatment
(Fig. 4C). These data suggest that 1,25(OH)2D3 inhibits NF-κB activity by blocking IκBα
degradation and subsequently arresting p65/p50 nuclear translocation.
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To measure PAI-1 gene promoter activity, we cloned a 5′ flanking fragment of the mouse
pai-1 gene spanning −362 to +10 into pGL3 vector. This promoter region contained the
−299 κB element (Fig. 5A), and a construct bearing mutations in the κB core sequence was
also generated (Fig. 5A). When MEFs were transfected with pGL-Pai-Luc, luciferase
activity was induced by TNF-α or LPS, and 1,25(OH)2D3 treatment significantly reduced
the induction of the promoter activity by 40–50% (Fig. 5B). In contrast, in MEFs transfected
with the mutant construct pGL-Pai-m-Luc, neither TNFα nor LPS was able to increase the
promoter activity, and the activity was no longer affected by 1,25(OH)2D3 treatment (Fig.
5B). These results demonstrate that the −299κB element in pai-1 gene promoter is indeed
functional, and it mediates the inhibition of PAI-1 induction by 1,25(OH)2D3.

Finally we investigated whether paricalcitol (an activated vitamin D analog) suppresses
LPS-induced PAI-1 expression in mice. We used paricalcitol because it does not have strong
hypercalcemic effects in vivo as opposed to 1,25(OH)2D3. To confirm that paricalcitol is as
active as 1,25(OH)2D3 in suppressing PAI-1 induction, we treated VDR(+/−) MEFs with
TNFα in the presence of 1,25(OH)2D3 or paricalcitol. We also performed luciferase reporter
assays using the pGL-Pai-Luc reporter. As shown in Figure 6A and B, paricalcitol
suppressed TNFα-induced PAI-1 mRNA expression (Fig. 6A) and pai-1 promoter activity
(Fig. 6B) as effectively as 1,25(OH)2D3 at the same dose (20 nM) in VDR(+/−) MEFs. In
the in vivo experiment, mice were pre-treated with vehicle or paricalcitol for one week
before one dose of intraperitoneal LPS administration. As shown in Figure 6C-F, 16 hours
after LPS injection PAI-1 mRNA was markedly induced in the heart (Fig. 6C and D) and in
peritoneal macrophages (Fig. 6E and F) in mice pre-treated with vehicle, but paricalcitol
pre-treatment blunted the induction of PAI-1 in these tissues (Fig. 6C-F). Thus we conclude
that vitamin D analogs are able to inhibit LPS-induced PAI-1 in vivo.

Discussion
In this study, we identified a functional NF-κB binding site within the mouse pai-1 gene
promoter and demonstrated that 1,25(OH)2D3 suppressed the up-regulation of PAI-1
induced by pro-inflammatory factors (TNFα and LPS) by blocking NF-κB activation. Given
the involvement of PAI-1 in the development of a variety of renal and cardiovascular
disorders [1,2], it is not unreasonable to speculate that the suppression of PAI-1 contributes
to the reno-protective and cardio-protective effects of vitamin D.

As a major transcription factor in response to inflammatory stimulation, NF-κB mediates the
effects of TNFα and LPS. PAI-1 is highly stimulated by TNFα and LPS [6], thus NF-κB is
thought to be a crucial transcriptional regulator for PAI-1. A NF-κB element has been
identified in the distal promoter region (−15 kb) of the human PAI-1 gene [4]; however,
whether this cis DNA element is functional was not demonstrated. On other hand, direct
binding of Nur77/NAK-1 to the proximal human PAI-1 promoter was shown to mediate the
TNFα-induced PAI-1 expression [33]. The mechanism involved in TNFα-stimulation of
mouse PAI-1, however, remains unknown. Here we identified a functional NF-κB element
in the proximal promoter of mouse pai-1 gene that mediates the stimulatory effect of pro-
inflammatory factors. We demonstrated by EMSA, ChIP and functional luciferase reporter
assays that this cis-κB element interacts with the p65/p50 heterodimer upon TNFα treatment
and is required for the stimulatory effect of TNFα on PAI-1. To our knowledge this is the
first demonstration for the involvement of NF-κB in the regulation of mouse PAI-1
production.

High PAI-1 levels are associated with an increased risk of renal and vascular complications
such as thrombosis, myocardial infarction [1] and atherosclerosis [14,34]. Thus, PAI-1 is a
potential therapeutic target for inflammation-induced renal and cardiovascular diseases [1].
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In this regard, the finding that vitamin D and its analogs inhibit PAI-1 is significant. In this
report we demonstrated that the inhibitory effect of vitamin D on PAI-1 involved the
blockade of NF-κB. 1,25(OH)2D3 treatment disrupted the interaction of p65/p50 with the
cis-κB element in the pai-1 gene promoter, and this appears to result from stabilization of
IκBα (blockade of degradation) and thus arrest of p65/p50 nuclear translocation. We also
showed that VDR is required to mediate this inhibitory effect, as 1,25(OH)2D3 cannot
suppress PAI-1 expression nor NF-κB activity in VDR(−/−) MEFs. It is noticeable that the
induction of PAI-1 by TNFα was more robust in VDR(−/−) cells (Figure 1), consistent with
a repressive role of VDR in NF-κB regulation. We further demonstrated that an activated,
low-calcemic vitamin D analog, paricalcitol, was able to inhibit the PAI-1 induction in vitro
and in LPS-stimulated mice. Together these data from the in vitro and in vivo models
provide good evidence that vitamin D is a physiological inhibitor of PAI-1 production and
its low calcemic analogs can potentially be used to inhibit PAI-1 production for therapeutic
purposes.

Targeting of NF-κB appears to be a general mechanism for vitamin D to regulate a variety
of important genes. We have previously shown that 1,25(OH)2D3 uses this mechanism to
regulate MCP-1 and angiotensinogen in kidney cells [26,32]. In dendritic cells,
1,25(OH)2D3 inhibits IL-12 expression through targeting the NF-κB pathway [35]. The
exact molecular basis underlying vitamin D repression of NF-κB remains poorly defined and
controversial. Some studies reported a physical interaction between liganded VDR and p65
[36], suggesting that sequestration of p65 by the VDR prevents p65 nuclear translocation or
its binding to DNA [37]. Other studies, including the present one, demonstrated stabilization
of IκBα protein by 1,25(OH)2D3, leading to arrest of p65 nuclear translocation and thus
attenuation of NF-κB activity [26,38,39]. 1,25(OH)2D3 can also directly suppress RelB
transcription [40], as well as suppress the increase in p50 and its precursor, p105, and c-rel
proteins [41]. Given the paramount importance of NF-κB in inflammation and disease
development, more studies are warranted to fully elucidate the molecular mechanism
whereby vitamin D regulates NF-κB.

Many recent studies have demonstrated impressive therapeutic benefits of vitamin D analogs
in renal and cardiovascular diseases. For example, therapies with vitamin D analogs can
prevent the development of left ventricular hypertrophy in Dahl salt-sensitive rats,
spontaneously hypertensive rats and in hemodialysis patients [42,43]. Vitamin D analogs
have also been shown to reduce proteinuria and prevent renal injury in animal models of
kidney disease such as renal failure [44,45], renal fibrosis [37,46] and diabetic nephropathy
[47,48], and in patients with chronic kidney disease [49]. Studies have also suggested
beneficial impact of vitamin D on the development of atherosclerosis in humans [50]. The
effect of vitamin D on PAI-1 and whether PAI-1 inhibition contributes to the therapeutic
outcome were not examined in these studies. Because of the important pathological roles of
PAI-1 in the renal and cardiovascular systems, the data obtained from the present study now
provide a good basis to investigate the impact of vitamin D inhibition of PAI-1 by
translational and clinical investigations.
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1,25(OH)2D3 1,25-dihydroxyvitamin D3

NF-κB nuclear factor-κB

EMSA electrophoretic mobility shift assay

ChIP chromatin immunoprecipitation
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Figure 1.
Vitamin D suppresses the induction of PAI-1 in a VDR-dependent manner. (A) VDR(+/−)
MEFs were pre-incubated with ethanol (−) or 20 nM 1,25(OH)2D3 (+) overnight, followed
by treatment with or without 20 ng/ml TNF-α or 100 ng/ml LPS for 8 hours; (B) VDR(+/−)
MEFs were pre-incubated with ethanol or 1,25(OH)2D3 (20 nM) overnight, followed by
TNF-α induction for 0, 2, 4, 6 and 8 hours; (C) VDR(+/−) and VDR(−/−) MEFs were pre-
incubated with ethanol (−) or 20 nM 1,25(OH)2D3 (+) overnight, followed by 8 hours of
TNF-α induction; (D) 1,25(OH)2D3 pre-treated VDR(+/−) and VDR(−/−) MEFs were
induced by TNF-α for 0–8 hours. PAI-1 mRNA levels were determined by RT-PCR. (E)
VDR(+/−) and VDR(−/−) MEFs were pre-incubated by ethanol or 20 nM 1,25(OH)2D3
overnight, followed by TNF-α for 0, 2, 4, 6 and 8 hours. PAI-1 protein levels were assessed
by Western blotting.
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Figure 2.
Vitamin D suppresses the induction of PAI-1 in a NF-κB-dependent manner. (A) VDR(+/−)
MEFs were incubated with 20 ng/ml TNF-α for 0, 2 and 4 hours in the presence or absence
of BAY11-7082, and PAI-1 and IL-6 mRNA levels were determined by RT-PCR. (B)
VDR(+/−) MEFs were transfected with control siRNA or p65-specific siRNA. After 24
hours, the cells were incubated with ethanol (−) or 20 nM 1,25(OH)2D3 (+) overnight,
followed by PBS (−) or LPS (+) induction for 8 hours. The mRNA levels of PAI-1 and p65
were assessed by RT-PCR. (C) Schematic illustration of the putative κB site at −299 in
mouse pai-1 gene promoter. Also illustrated are the positions of the PCR primers used for
the ChIP assay. (D) ChIP assays demonstrate vitamin D disrupts NF-κB interaction with
PAI-1 gene promoter. VDR(+/−) MEFs were pre-incubated with ethanol (−) or
1,25(OH)2D3 (+) overnight, followed by 4 hours of PBS (−) or TNF-α (+) induction. ChIP
assays were performed using anti-p65 and anti-p50 antibodies as indicated. IgG, control
IgG; Inp, DNA input.
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Figure 3.
EMSAs confirm the binding of NF-κB to the −299 κB site. (A) VDR(+/−) MEFs were
induced by TNF-α for 8 hours before nuclear extracts were prepared. Nuclear extracts were
incubated with canonical κB probe (κBc), or −299 κB probe, and competed with 25-fold
(25x) or 100-fold (100x) cold probe of its own or with cold mutant −299 κB probe or κBc
probe. C, no nuclear extract control, P, probe. (B) VDR(+/−) MEFs were pre-incubated with
ethanol (−) or 1,25(OH)2D3 (+) overnight, followed by 8 hours of PBS (−) or TNF-α (+)
treatment. Nuclear extracts were incubated with −299κB probe. (C) TNF-α-treated MEF
nuclear extracts were incubated with −299κB probe in the presence of anti-p65 (αP65) or
anti-p50 (αP50) antibodies.
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Figure 4.
Vitamin D suppresses NF-κB activity by blocking its nuclear translocation. (A) Luciferase
reporter assays. VDR(+/−) and VDR(−/−) MEFs were transfected with pNF-κB-Luc
plasmid, followed by treatment with control vehicle, 1,25(OH)2D3, TNFα or TNFα
+1,25(OH)2D3 before the luciferase activity assay; *** P<0.001 vs. C; ### P<0.001 vs.
VDR(+/−). (B) VDR(+/−) and VDR(−/−) MEFs were treated with TNFα in the presence or
absence of 1,25(OH)2D3 pre-treatment. The cells were stained with anti-p65 antibody (red)
and the nuclei were visualized with DAPI staining (blue). Note the cytoplasmic and nuclear
distribution of p65 in untreated VDR(−/−) MEFs, and the blockade of p65 nuclear
translocation in VDR(+/−) cells, but not in VDR(−/−) cells. (C) Stabilization of IκBα by
1,25(OH)2D3. Ethanol- or 1,25(OH)2D3-pre-treated VDR(+/−) MEFs were stimulated with
20 ng/ml TNFα for 0, 5, 15, 30 and 60 minutes, and IκBα levels were determined by
Western blotting.
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Figure 5.
Vitamin D suppression of pai-1 gene promoter activity requires NF-κB binding site. (A)
Schematic illustration of wild-type and mutant mouse pai-1 gene promoter luciferase
reporter constructs; (B) Luciferase reporter assays. VDR(+/−) MEFs were transfected with
the wild-type or mutant luciferase reporter, followed by treatment with TNFα or LPS in the
presence or absence of 1,25(OH)2D3 as indicated. ** P<0.01; *** P<0.001.
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Figure 6.
Vitamin D analog suppresses LPS-induced PAI-1 expression in mice. (A-B) In vitro
confirmation of paricalcitol activity. (A) VDR(+/−) MEFs were pre-treated with
1,25(OH)2D3 (20 nM) or paricalcitol (20 nM) before being stimulated with TNFα as
indicated. (B) VDR(+/−) MEFs were transfected with pGL-Pai-Luc reporter followed by
TNFα stimulation in the presence of 1,25(OH)2D3 (1,25D) or paricalcitol (Pari) as indicated.
Note both 1,25(OH)2D3 and paricalcitol were able to block TNFα-induced PAI-1 mRNA
expression or pai-1 promoter activity. ***, P<0.001 vs. control; ### P<0.001 vs. TNFα. (C-
F) C57B/L6 mice were pretreated with paricalcitol (300 ng/kg) for one week before
challenged by peritoneal injection of LPS (15 mg/kg). After 24 hours, the heart and
peritoneal macrophages were harvested for RNA extraction. (C and D) PAI-1 expression in
the heart. Northern blot (C) and PhosphoImaging quantification (D) show that LPS-induced
PAI-1 mRNA in the heart was suppressed by paricalcitol (P) treatment. Each lane represents
one mouse. (E and F) PAI-1 expression in macrophages. RT-PCR (E) and quantification (F)
show that LPS-induced PAI-1 mRNA in peritoneal macrophages was suppressed by P
treatment. V, vehicle-treated control. ***, P<0.001 vs. Vehicle; ## P<0.01, ### P<0.001 vs.
LPS.
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